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Abstract 
1. ABSTRACT 
This work is concerned with an alternative method for metal ion removal from 
aqueous solutions - surfactant enhanced ultrafiltration. Surfactant monomers 
aggregate above a certain concentration, specific to the surfactant, to form micelles. 
Anionic surfactant micelles will attract and bind metal cations. Free metal ions and 
surfactant monomers pass freely through an ultrafiltration membrane, but if the 
micelle-metal ion complex is sufficiently large it is rejected. 
Research reported in this thesis has been carried out on well defined aqueous solutions 
containing only one type of metal ion together with the natural surfactant lecithin. 
Lecithin is a food grade by-product of the soybean processing industry and it was 
chosen because it is non-toxic, biodegradable, abundant and inexpensive. It has a high 
molecular weight of about 750 Daltons and forms large size micelles. The main aim 
was to identify the basic mechanisms which influence the permeate flux and rejection 
levels of the process. 
The project was carried out in three stages. Stage one was the characterisation of the 
feed solution which included the determination of the critical micelle concentration 
using surface tension measurements, measurement of micelle size and zeta potential 
using a Malvern zeta sizer and visualisation of the micelle shape using scanning 
electron microscopy of freeze fractured lecithin solution droplet. 
In the second stage filtration experiments were carried out at a wide range of lecithin 
concentrations, metal ion concentrations and operating conditions. The experiments 
were run for 5 hours, by which stage a steady state condition was reached in all cases. 
Permeate samples were taken after I, 3 and 5 hours. Permeate flux was monitored 
throughout the experiment. The following properties were monitored for the feed 
solution at the beginning and the end of each experiment and for all permeate 
samples: lecithin concentration, copper concentration, pH, conductivity. 
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In the 3 stage Electron Dispersive Analysis by X-ray (EDAX), Scanning Electron 
Microscopy (SEM) and a X-ray Photoelectron Spectrum Technique (XPS) were 
employed to investigate any membrane feed solution interactions. 
The results of the 3 stages were used to identify the basic mechanisms which control 
the permeate flux levels and the extent of component rejection in lecithin enhanced 
ultrafiltration. 
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3. Introduction 
Increase in concern about the impact of industrial activity upon the environment has 
led to more stringent legislation relating to water discharge and the cost for water and 
effluent disposal are rising. The cost of water, effluent treatment and off-site disposal 
have become significant factors affecting the commercial viability of many processes. 
One specific aspect of wastewater treatment is the removal of metal ions from effluent 
streams. Metal containing wastewaters come from a variety of sources, such as the 
metal plating, circuit board manufacture, photographic and photo processing 
industries, synfuel plants, refineries and metal mine-tailing leachates. Conventional 
methods like alkali precipitation and gravity settling frequently cannot achieve the 
standards required for open water or sewer discharge. Membrane processes like 
reverse osmosis are in use, but require high pressures and are therefore very energy 
intensive. 
This thesis is concerned with an alternative method for metal ion removal, called 
surfactant enhanced ultrafiltration. Surfactant monomers start to aggregate above a 
certain concentration, specific to the surfactant, to form micelles. Anionic surfactant 
micelles will attract and bind metal cations. Free metal ions and surfactant monomers 
can pass freely through an ultrafiltration membrane, but if the micelle-metal ion 
complex is sufficiently large it is rejected. 
Research to date has been carried out on well defined aqueous solutions containing 
only one type of metal ion together with the natural surfactant lecithin. Lecithin is a 
food grade by-product of the soy bean processing industry and it was chosen because it 
is non-toxic, biodegradable, abundant and inexpensive. It has a high molecular weight 
of about 750 Daltons and forms large size aggregates. 
The main aim of this work is to identify the basic mechanisms, which influence the 
permeate flux and rejection levels of the process. 
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For this purpose various properties of the feed solution have been characterised. The 
critical micelle concentration of lecithin has been determined using surface tension 
measurements. Surface charge and micelle size have been identified using a Malvern 
Zeta Sizer. It has been shown that metal ion concentration has an effect on all these 
properties. 
Crossflow filtration trials have been carried out with varying metal ion and lecithin 
concentrations using an anionic membrane with a molecular weight cut-off of 100 000 
Daltons. The effect of surfactant to metal ion ratio on flux decay, steady state flux, 
and rejection levels has been investigated. Atomic adsorption spectrophotometry and 
carbon analysis were employed to determine surfactant and metal ion concentrations 
in feed solution and permeate samples. 
It has been shown that feed solution-membrane interactions play an important role in 
this process. Electron dispersion analysis by x-ray and scanning electron microscopy 
have been used in an attempt to identify these mechanisms. 
13 
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4. Literature Survey 
4.1 Membralllle filtratiollll 
A summary of different membrane processes is given in Table 1 (Rautenbach and 
Albrecht 1989). 
Membrane technologies in the context of solid liquid separation are microfiltration 
and ultrafiltration. Other pressure·driven membrane processes like hyperfiltration and 
reverse osmosis are mainly concerned with the removal of dissolved species from a 
solvent. The approximate start of the regions of microfiltration, ultrafiltration and 
hyperfiltration are the filtration of particle sizes of 10, 0.1 and 0.05 JlID respectively. 
The range of application for pressure based separation processes is given in Figure 4.1 
(Rautenbach and Albrecht 1989). 
I Filtration I 
I Microfiltation I 
I Ultrafiltration I 
Reverse osmosis I 
-4 
10 
-3 
10 
-2 
10 
-1 
10 
o 
10 
Particle diameter (microns) 
1 
10 
2 
10 
Figure 4.1: Range of application for pressure-based separation processes 
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Table I: 
Membrane processes 
Membrane Separation Driving force Preferably 
process potential for permeating 
component 
Reverse osmosis aqueous low Pressure Solvent 
molecular mass difference 
solutions, aqueous ($ lOO bar) 
organic solutions 
Ultrafiltration Macromolecular Pressure Solvent 
solutions, difference 
emulsions ($ lObar) 
Microfiltration Suspensions, Pressure Continuous phase 
emulsions difference 
($ 5 bar) 
Gas permeation Gas mixtures, Pressure Preferably 
water vapour-gas difference permeating 
mixtures ($ 80 bar) component 
Pervaporation organic mixtures, Permeate side: Preferably 
aqueous-organic ratio of partial permeating 
mixtures pressure to component 
saturation 
pressure 
Liquid membrane Aqueous low Concentration Solute (ions) 
technique molecular mass difference 
solutions, aqueous 
organic solutions 
Osmosis Aqueous solutions Concentration Solvent 
difference 
Dialysis Aqueous solutions Concentration Solute (ions) 
difference 
Electrodialysis Aqueous solutions Electric field Solute (ions) 
The membrane pore size of ultrafiltration membranes varies from 10 -1000 A and the 
retained species have a typical size of 300 - 50000 Daltons (Fig. 4.1). This includes 
sugars, biomolecules, polymers and colloidal particles. The membranes are usually 
classified according to there nominal molecular weight cut-off (MWCO) which is the 
species with the smallest molecular weight giving a rejection of over 90 %. Rejection 
of a component i is defined as: 
(3.1) 
15 
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Where eip is the concentration of the component In the permeate and eir is the 
concentration in the retentate. 
However separation efficiency of an UF membrane is not only dependent on relative 
molecular size, but also the chemistry of membrane solute interactions. The MWCO 
can change with factors such as chemical feed properties, molecular orientation, 
molecular configuration and operating conditions. 
In the case of constant pressure crossflow membrane filtration the flux declines in a 
manner very similar to constant pressure dead-end cake filtration (Fig. 4.2),except that 
a finite steady state flux is achieved during the crossflow process. 
2 
~ 
x 
~ 
u.. 
2 
'" Ql E 
~ 
Ql 
a.. 
Pseudo-equilibrium 
filtration flux rate: 
deposit depth stabilised 
Flux decay with 
increasing resistance 
Filtration time [s) 
Figure 4.2: Permeate flux decline during membrane filtration 
If the depth of the deposit on the membrane surface is restricted by some method, the 
flux rate becomes constant at a "pseudo - equilibrium" value. The deposit thickness 
can be restricted by methods such as stirred cell and crossflow filtration. The main 
membrane filtration arrangements are shown in Fig. 4.3 (Rushton, Ward and Holdich 
1996). 
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Pressure 
1. Dead-end filtration cell 
-
Pressure 
-
Penneate 
Suspension 
-
Pressure 
-
3. Cartridge filtration 
2. Sti,;;;j:C;eiilfimtdtration 
Crossflowof 
suspension -11--
under 
pressure 
Penneate 
4. Crossflow filtration 
Figure 4.3: Membrane filtration arrangements 
The equilibrium flux is only pressure dependent over a restricted pressure range, often 
because of the formation of a gel layer on the membrane surface. 
In the dead-end arrangement pressure is applied to the solution. The liquid phase 
passes through the membrane and the solute is retained by the membrane, forming a 
concentrated layer at the membrane surface. The solution can be stirred to prevent this 
build up of solute at the membrane surface. In the crossflow arrangement the build up 
of solute is prevented by directing the solution flow tangentially over the membrane 
surface. The potential advantage of crossflow filtration is the higher filtration rate 
when compared with dead end or cake filtration techniques. Other advantages of 
crossflow filtration are (Hendry 1972): 
• Filter performance is not a strong function of particle size since it is assumed that 
a filtration barrier is available which can retain the particles 
• Filtration rate is not affected significantly by the particle-suspending medium 
density difference 
17 
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• Particle accumulation at the filter surface is minimised, i.e. higher filtration rates 
are obtained 
• Feed additives such as flocculating agents are not required 
• Particulate products are not contaminated with filter aid 
The main disadvantage of the crossflow arrangement is the additional pumping costs 
required to circulate the solution across the membrane surface. It is also not possible 
to separate different sized particles from suspension due to a thin layer of retained 
solids on the medium surface, the so called secondary membrane. This secondary 
membrane acts as a filter in its own right and often holds solids even finer than the 
rated pore size. 
4.1.1 Filtration resistances 
The membrane itself has a natural flow resistance even III the absence of any 
suspended material. This resistance can be determined by measuring the clean water 
flux of a membrane. 
During an ultrafiltration process feed components are rejected by the membrane and 
deposit on the membrane surface. This creates a concentration gradient between the 
surface and the bulk flow of the feed suspension. The build up of rejected species at 
the membrane surface is known as concentration polarisation and it offers an 
additional resistance to permeate flow. 
During filtration suspended matter might become attached to the membrane inside the 
pore structure, which reduces the permeate flow channel dimension or pores may 
become blocked off completely. These two effects offer another filtration resistance 
termed adsorption and pore blocking. All the resistances to permeate flow during 
membrane filtration are illustrated in Figure 4.4 (Rushton, Ward and Holdich 1996). 
18 
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Crossflow 
• 
• • 
Pore adsoption 
resistance 
• 
.. 
• 
• 
Pore blocking 
resistance 
Concentration 
polarisation 
resistance 
4"1--
Gel or cake 
resistance 
4"1-- Membrane 
resistance 
Figure 4.4: Filtration resistances to permeate flow in microfiltration and 
ultrafiltration 
4.1.2 Concentration polarisation 
Gel polarisation can occur when filtering a solution containing macromolecular gel 
forming solutes. Molecular or particulate matter are transported to the membrane 
surface by the solvent and are retained while the solvent passes through. The 
concentration of molecules eventually builds up to the gel concentration, which is the 
concentration at which the solute reaches its solubility limit and starts to precipitate. 
The thickness of this gel layer depends on factors like the crossflow velocity, pressure 
gradient, temperature, feed concentration and interactions between membrane and 
feed components. A concentration gradient of the retained feed component is 
established in the direction perpendicular to the membrane. 
Figure 4.5 shows how the concentration profile in the boundary layer changes from c" 
the membrane surface concentration to cl the bulk feed concentration (Ho and Sirkar 
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1992). The boundary layer thickness 1) is controlled by the operating and diffusion 
conditions. 
Boundary Layer 
Thickness 
Penneate 
Concentration 
Cp 
Permeate 
~.-+--""" Flow 
I 
Membrane Thickness 
Wall Concentration 
Ct Feed Concentration 
Feed Flow 
Figure 4.5: Boundary layer model for crossflow filtration. 
The concentration on the membrane surface is balanced by the convective flow of the 
solvent bringing solute to the surface and back diffusion into the bulk of the liquid. 
(4.2) 
Even moderately concentrated solutions have a significantly lower permeate flux then 
pure solvent. There are two possible reasons for the flux reduction in ultrafiltration: 
I. Increase of osmotic pressure at the membrane surface as a result of concentration 
increase due to solute rejection. 
2. Decrease in hydraulic permeability due to formation of a gel layer. 
The flux vs. pressure relationship is not linear for ultrafiltration processes (Fig. 4.6). 
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:J 
U. 
ID 
-ro ID 
E 
'-
ID 
a.. 
Membrane filtration 
Pure Solvent 
B c 
High feed flow rate 
Low feed flow rate 
Applied Pressure .. 
Figure 4.6: Permeate flux pressure relationship 
Initially the flux increases linearly with increased filtration pressure (section O-A). 
After a certain pressure, the flux does not increase any further (section B-C). The flux 
at this point is called the limiting flux. The membrane surface concentration has 
reached its maximum or limiting value at this stage. This constant concentration layer 
offers an additional resistance and is called the "gel layer". 
For any increase in filtration pressure !1P the flux Jv increases, carrying more solute to 
the wall. However the conditions for back-diffusive transport are fixed. Therefore the 
gel layer thickness increases or is compacted by the increase in filtration pressure. 
Consequently the resistance to flow increases and the permeate flux is reduced to a 
level balancing the back diffusive transport. 
The limiting flux and the threshold pressure to achieve pressure independence 
increase with decreasing feed concentrations. The reason for this is an increased 
driving force removing material from the wall. Assuming that the gel concentration at 
pressure independence is similar for different feed conditions, a lower feed 
concentration provides a higher concentration gradient dc/dx. 
21 
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An increased crossflow velocity although increases limiting flux and pressure 
threshold. The increase in crossflow velocity decreases the boundary layer thickness, 
again increasing the driving force for back diffusive transport. 
Integrating Equation 4.2 across the boundary layer, the steady state flux can be 
expressed as 
(4.3) 
where k (= Df6) is the solute mass transfer coefficient. 
Assuming the permeate concentration is very small the limiting flux can be simplified 
to 
(4.4) 
Murkes (1978) categorised the solutions to overcome concentration polarisation in the 
following manner: 
• improved hydrodynamics of modules with higher shear forces 
• study of dynamic membranes and their interaction with the supporting membranes 
• the interaction with the membrane polymer and the feed 
22 
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4.1.3 Membrane filtration modelling 
4.1.3.1 Polarisation dynamics 
In the absence of solute the permeate flux is controlled by the filtration pressure I!J' 
and the membrane permeability Lm. It can also be expressed in terms of the membrane 
resistance Rm 
I!J' J=LI!J'=-
m J.1Rm (4.5) 
The accumulation of solute at the membrane surface or concentration polarisation can 
reduce permeate flux by presenting an additional hydraulic resistance and or osmotic 
effects (Fane 1986): 
J = (tlP-at,.n) 
(Rm + RJJ.I 
(4.6) 
The effect of concentration polarisation is controlled by the competing effects of 
solute convection to the membrane and solute back transport. Assuming that solvent 
and solute densities are similar, a solute mass balance above the membrane can be 
established and is described by: 
Bc +v Bc +v Bc = ~(DBC) 
Bt x 8x y ay ay ay (4.7) 
The tangential convective component (terms in x) are usually neglected. 
Bc +v Bc =~(DBC) 
Bt Yay ay ay (4.8) 
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Initially the solute concentration at the membrane surface is equal to the concentration 
in the bulk of the liquid. As soon as the driving force is applied the solvent flux 
commences and solute is carried to the membrane surface and the concentration c" 
rises. Assuming that Vy is constant and equal to pure solvent flux, Jw , the diffusion 
coefficient, D, is constant and no solute passes through the membrane. Rearranging 
equation 4.8 gives: 
dc +J dc = Dd
2
c 
dt W dy dy2 (4.9) 
Convection is in the positive direction and y= 0 represents the membrane surface. 
Unstirred ultrafiltration 
The boundary conditions for unstirred ultrafiltration are 
c(O,-y) = Ch 
c(l,oo) = Ch 
dc 
Jwc(t,O) = D-(l,O) 
dy 
Membrane rejection is defined as 
R = 1- (::) = 1 (4.10) 
Dresner et al (1966) suggests the following expression for the polarisation 
modulus ( ::) . 
(4.11 ) 
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where e = J~(;) and when e >->- 1,( ::) ~ e (4.12) 
In general (::) increases with increasing Jw or decreasing D. 
Stirred ultrafiltration 
In stirred ultrafiltration the concentration gradient is limited to the boundary layer, 
which has a thickness 8. The boundary conditions in this case are 
C(O,-y) = Cb 
c(t ,-8) = Cb 
Jwc(t,O) = ~~;)(t,O) 
and membrane rejection is equal to 1. 
This problem has been solved by Howell and Velicangil (1980) to give the 
polarisation modulus 
(4.13) 
This equation shows that the polarisation modulus increases with increasing Jw and 8 
and decreases with increasing D. 
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4.1.3.2 Gel polarisation - film models 
The gel polarisation model is a commonly accepted model for the filtration of 
macrosolutes, such as proteins. The membrane surface concentration, C,,, reaches a 
limiting value cg at which gelation or boundary layer thixotropy sets in. When the 
limiting concentration is reached the system is said to be gel-polarised. In the gel 
polarised region the flux levels are pressure independent. An increase in filtration 
pressure causes an increase in gel layer thickness and filtration resistance and the flux 
remains unchanged. 
Unstirred ultrafiltration 
Trettin and Doshi (1980) developed a model for unstirred ultrafiltration using the 
following boundary conditions 
C(O,-y) = Cb 
c(t,-o) = cg 
c(t,-oo) = Cb 
J(Cg - cp ) = D(~C) 
Y y=O 
fory-<O 
forallt 
forallt 
Trettin and Doshi assumed that Cw = cg instantaneously, the diffusivity is constant, 
and a concentration profile of the form 
Therefore C = cgaty = 0 
C = Cb at y =-0 
The model can then be presented as 
(4.14) 
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(4.15) 
Where: (4.16) 
Stirred or crossflow filtration - film model 
When steady state conditions are anticipated, Equation 4.8 can be integrated over the 
boundary layer using the boundary conditions, 
C( -() = Cb 
c(O) = Cw 
J(cw - cp ) = D(~c) 
y y=O 
This results in the well known film model relationship, 
(4.17) 
The mass transfer coefficient ks can be obtained from correlations of the form 
(4.18) 
K1, a, b, and c are dependent on the flow regime (Blatt et aI1970). 
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Gel polarisation model 
Assuming that Cw ~ cg and cp ~ 0 , so that the flux attains a limiting value, equation 
4.17 can be extended to give, 
(4.19) 
Chudacek and Fane (1984) and Fane at al (1981) have studied macro solute 
ultrafiltration and have obtained results which give strong support to the gel 
polarisation film-model. However, in other cases it was found that feed solution of 
various macrosolutes with concentration Cb = Cl:' where cg was obtained by 
extrapolating In Cb versus J plots, did not give zero flux. This indicates physical 
limitations of the gel polarisation model. 
4.1.3.3 Resistance models 
Ultrafiltration performance can be modelled by the resistance in series relationship 
based on Darcy's law. At typical ultrafiltration feed concentrations macrosolutes have 
negligible osmotic pressures and the osmotic effects can generally be ignored (Blatt 
1970) giving, 
(4.20) 
where Rs is the resistance due to the polarised solute and fouling and Rm is the 
resistance due to the membrane. Rs can be several orders of magnitude greater then 
Rm· 
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Boundary resistance model 
The gel polarisation model can be expressed in terms of resistance 
(4.21) 
where Rs is the resistance due to the gel layer at the limiting concentration cg Rh/ is 
the resistance of the viscous but non-gelled boundary layer. This boundary layer 
resistance model is compatible with the gel polarisation film model if the resistance 
due to the gel layer is much greater than the actual membrane resistance. Once the 
concentration at the membrane surface has reached the gel concentration any increase 
in filtration pressure causes an increase in the gel layer thickness and therefore an 
increase in gel layer resistance. When the membrane surface concentration is lower 
than the gel concentration, the gel layer concentration is zero and the flux is pressure 
dependent. 
Filtration resistance model 
Another kind of resistance model is the filtration model. This type of model is based 
on the Carman-Kozeny equation which is used to calculate the specific resistance of a 
cake with constant concentration and it is mainly used for the filtration of colloidal 
suspensIOns. 
The resistance due to a deposit of particles or 'cake' according to filtration theory is 
R = aVc. = am, 
, A A 
m m 
(4.22) 
where a is the specific cake resistance (m kg'\ Am is the membrane area (m\ V is 
the filtrate volume (m\ m, is the mass of solute (kg). 
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The Carman-Kozeny equation can be used to estimate the resistance of a layer of 
particles on the membrane surface, 
(4.23) 
where E is the voidage, dp is the particle diameter, I)c is the cake thickness. 
The specific cake resistance, a, can be related to the particle properties by the Carman 
relationship, 
Rp 
a=--
P pI), 
where Pp is the particle density. 
Unstirred Ultrafiltration 
(4.24) 
For the case of unstirred ultrafiltration, equation 4.21 and 4.22 can be combined to 
gIve: 
J(t) = _I dV = M 
Am dt ( aVcb ) IIR +--
..- m A 
m 
(4.25) 
Rearranging gives: 
(4.26) 
The specific cake resistance, a can be obtained from a plot of tlV versus V. 
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If Rm is negligible equation 4.26 can be solved for the flux, J 
, () - , I'1P 'I --J = -, = A,I ' 2cbU ll "2 I (4.27) 
This confirms results predicted by the gel model that flux decreases with decreasing 
, 
I ' 
Stirred ultrafiltration 
Equation 4.20 can be used as a basis to describe the dynamics of polarisation in stirred 
filtration. 
(4.28) 
where Rsd is the resistance due to convectivly transported solute and Rsr is the 
resistance removed by stirring. 
At steady state the removal of solute by stirring IS constant and equal to the 
convective solute transport to the membrane (Jcb)' Equation 4.28 can be rewritten 
(4.29) 
The specific cake resistance can be related to the pressure by the following 
expressIOn: 
(4.30) 
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(4.33) 
where kb is the Boltzman constant. 
Assuming that the fluid density, viscosity and particle diffusion coefficient are 
independent of concentration and fluid velocity, Porter (1972) has suggested the 
following equations to estimate the mass transfer coefficient. 
K = 1.62[Um D
2
] 
dhLe 
(laminar) (4.34) 
K 
__ O.023u~·8 Do .• 7 [p f ]0.47 
d:2 Il (turbulent) (4.35) 
where dh is the hydraulic diameter and Le is the channel length 
In reality the back transport is not by simple diffusion. Lojkine et al (1992) has 
classified the removal of particles from the membrane surface into the following 
categories. 
• lateral migration (tubular pinch), due to the shear gradient 
In laminar flow, there is a lift force acting on particles causing migration of the 
particles away from the membrane surface. The lift force is generated by the 
pressure difference on either side of a particle moving through the parabolic 
velocity field of a tube or slit flow. Particles have the tendency to move across a 
non-uniform shear field to an equilibrium position away from the channel walls. 
In ultrafiltration this provides a motion in the opposite direction to the convective 
transport of particles. Therefore two forces have been identified, one generated by 
the curvature of the velocity profile and the other generated by the inertial effects 
in the presence of wall interference. 
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A comprehensive review of experimental and theoretical work on tubular pinch 
has been published by Brenner (1966) and Altena and Belfort (1984). 
• longitudinal migration (flowing cake due to crossflow) 
Fane et at (1986) has suggested that particles in a crossflow filtration system 
roll/slide along the membrane surface (flowing cake). He suggested that 
particulate matter added to a feed containing dissolved solids have a scouring 
effect on the concentration polarisation layer, which results in a flux increase. 
Good correlations were obtained when balancing the convective mass transfer 
towards the membrane against the rate of scour for suspensions containing rigid 
and deformable solids. 
• shear induced diffusion, due to the combination of shear and concentration 
gradients 
In enhanced diffusion models the rate of particles diffusing away from the 
membrane is controlled by shear induced or shear enhanced diffusion coefficients 
rather than by Stokes-Einstein diffusion coefficients in the film theory model 
(Davis and Leighton 1987). Two perfectly smooth particles suspended in a shear 
flow undergo reversible interactions. The two body interactions are not always 
reversible if the particles are less then perfectly smooth. Two types of irreversible 
interactions have been identified. One component arises from the effect of 
spatially varying interaction frequency, the other from the effect of spatially 
varying viscosity. 
4.1.4 Membrane 
The overall membrane characteristics can be summarised as: 
• porosity 
• morphology 
• surface properties 
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• mechanical strength . 
• chemical resistance 
These characteristics determine the membrane suitability for different application 
processes. They are dependent on choice of material and fabrication and they are 
interrelated, e. g. a highly porous membrane structure can only be maintained if the 
polymer has adequate mechanical strength. 
The most important filtration properties related to the membrane are the permeate flux 
and the effectiveness of separation. These properties are a function of the intrinsic 
membrane properties, process operating conditions and module geometry. 
4.1.5 Ultrafiltration Applications. 
Functions of ultrafiltration can be: 
• feed clarification 
• concentration of rejected solids 
• fractionation of solids 
A wide range of applications can be found in the food, beverage and dairy industries, 
in effluent treatment, biomedical and biotechnology purposes. 
A few specific examples are juice and wine clarification, where ultrafiltration is used 
to remove haze components or the concentration of metal cutting oils (lubricants) 
from waste water. Ultrafiltration is although used in general rinsing and washing 
processes for the treatment of compressor condensate, dishwater effluent, car wash 
effluent and laundry waste water. 
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4.2 lFlHlldamelflltal aSlPects of fouling by lPall'tlculates 
4.2.1 Flux decline in crossflow microfiltration 
All microfiltration tests with suspensions show very similar general characteristics. At 
the start of the filtration test a sharp fall in filtration rate, compared to the initial clean 
water flux can be observed. After this rapid initial flux decay the rate of decline 
decreases until a near equilibrium filtration rate is observed. 
Two independent mechanisms for flux decline by particulates, which usually occur 
simultaneously, have been identified in the literature (Tarleton and Wakeman 1993). 
The first is termed particulate fouling and accounts for the sharp initial flux decline. 
This mechanism describes the rapid deposition and capture of finer particles from the 
suspension and their subsequent penetration into the pores. It is a largely irreversible 
process. 
The second mechanism referred to as "cake formation "describes the deposition of 
further particulates on the membrane surface to form further particulate layers termed 
"dynamic membrane". This is a largely reversible process. 
The cohesive forces between the particles and the drag acting on the particles at the 
free surface are causing the particles to remain in the cake. The shear forces created by 
the feed stream flowing across the membrane surface are tending to remove particles 
from the cake. If the sum of these forces is equal to zero, the cake can be said to have 
a pseudo constant thickness. The finite flux in crossflow filtration can be associated 
with this limiting cake thickness. In dead·end filtration the filtrate flux tends to zero as 
the limiting thickness of the cake is reached. 
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4.2.2 Effects of Particle Size 
As a general rule a reduced particle size in the feed results in lower flux levels being 
recorded. However process parameters, e. g. crossflow velocity, have been shown to 
affect the filtration in different ways (Tarleton and Wakeman 1993). Increasing the 
crossflow velocity caused a decrease of the filtrate flux from suspensions containing a 
higher proportion of larger particles and an increase of flux levels for smaller particle 
systems. This effect can be explained by the fact that the cake layer becomes 
composed of progressively finer particles when the crossflow velocity is raised. Cakes 
composed of finer particles have a higher resistance and lead to lower filtration rates. 
Tarleton and Wakeman have shown in experiments with suspensions of the same 50% 
size but different size distributions, that it is the smaller particles in the feed which are 
predominantly responsible for the formation of the fouling or cake layer. In another 
set of experiments it was shown that the addition of small amounts of very small 
particulates resulted in significantly lower fluxes. 
4.2.3 Effects of membrane pore size 
When a suspensIOn with a majority of particulates significantly larger than the 
membrane pore size is filtered very similar fluxes are obtained with different pore size 
membranes. This suggests that it is the cake layer that is formed during filtration 
which controls the flux performance. 
When suspensIOns containing a large amount of finer particles are filtered, the 
majority of results reported in the literature indicate that a decrease in pore size 
increases filtrate quality and quantity (Tarleton and Wakeman 1993). Here the flux 
performance is primarily controlled by membrane fouling, where particulates enter the 
pore structure, rather than the formation of a surface cake layer. 
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4.2.4 Effects of filtration pressure 
Different effects of changing the filtration pressure have been observed for different 
feed suspensions. For suspensions containing relatively large particles an increased 
pressure results in an improved filtration rate. However, in a crossflow filtration 
system the permeate flux is not proportional to the applied hydraulic pressure 
gradient. Frequently only small increases in flux are achieved by a significant increase 
in filtration pressure. 
Improvements of the filtration rate by an increase in filtration pressure are reduced 
when the particle size of the suspension is reduced. 
Also cases have been reported where an increase in filtration pressure have no 
beneficial effect on the flux performance. Tarleton and Wakeman (1993) state that the 
potential improvement to be gained by raising the filtration pressure can be fully 
compensated by an increase in the flow resistance of foul ants at or near the membrane 
pore throats. 
In some cases (e. g. Anatase suspensions at pH 9) a dramatic decrease in filtration rate 
was observed when the transmembrane pressure was increased. 
4.2.5 Effects of crossflow velocity 
An increase in crossflow velocity generates an additional shear force that reduces the 
thickness of the particulate layer on the membrane surface which produces an 
increased filtration flux. 
In some results it has been reported that a substantial thinning of the fouling layer due 
to an increase of crossflow velocity, led to a decrease in filtration rate. A theory 
offered to explain this phenomenon is the classification hypothesis (Tarleton and 
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Wakeman 1993). As the crossflow velocity is increased more of the larger particles 
which are potential foul ants remain in the feed. Hence the particulates deposited at or 
near the membrane surface are composed of progressively finer particles which form 
higher resistance cakes and cause lower filtration rates. 
4.2.6 Effects of suspension concentration 
In general the effect of an increase in solids concentration in the suspension is a 
permeate flux decrease. 
However several cases have been reported, where different particle concentrations 
gave similar fluxes, particularly at longer filtration times. Tarleton and Wakeman 
suggest that these similar flux levels at different concentrations are a consequence of 
the shear forces generated by the crossflowing feed stream and its effect on the 
orientation and packing of the particles. At higher concentrations any membrane pore 
is challenged by a larger number of particles with the result that particles are bridging 
membrane pores rather than plugging them. In a more dilute suspension particles have 
an enhanced probability of entering the pore structure and to cause internal pore 
blocking. The initial differences in flux performance during crossflow filtration are 
explained by different fouling mechanisms occurring to different extents for different 
particle concentrations. After the initial period the secondary membrane resistance 
becomes dominant over the actual or intrinsic membrane resistance and fluxes 
become similar. This can be used as an indication that the dynamic membrane 
changes structure and composition throughout the filtration. 
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4.3 §lJ[]rifactaJlllts 
There are 2 different phenomena which differentiate a surfactant from other chemical 
entities. These are: 
I. Adsorption which gives the surface active properties of foaming, wetting, 
emulsification, dispersing of solids and detergency. 
2. Micelle formation which determines the solution and bulk properties of 
surfactants such as viscosity and solubility. 
The cause of this phenomena is the molecular structure of the surfactant with has both 
hydrophobic and hydrophilic parts. 
4.3.1 Adsorption 
The major characteristic of a surfactant is that its concentration is higher at the surface 
than in the bulk of a liquid. This adsorption phenomenon occurs at a liquid/solid, 
liquid/liquid or air/liquid interface (Fig. 4.7). 
liquid 
Liquid 
JJJlW LI,.ld 
Polu Solid 
mrm Li,.Id 
Hydrophobic 
Solid 
Air 
Liquid 
Figure 4.7: Surfactant adsorption at interfaces. 
Adsorption of a surfactant at an air/liquid interface will change the physical properties 
of the liquid. The changes become increasingly significant with increasing 
concentration at the interface up to complete coverage of the surface. Surface tension 
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is one property which is used to study surfactant adsorption. Surface tension decreases 
rapidly with increasing surfactant concentration until the surface is covered by a 
monolayer of the surfactant. From this point on the surface tension decreases only 
very slowly. The curves of surface tension-surfactant concentration relationship are 
similar for different surfactants. However the point of change in slope occurs at 
different concentrations and the minimum surface tension has different values for 
different surfactants. Reasons for these differences are due to the differences in size 
and shape of the hydrophobic and hydrophilic groups on the surfactant resulting in 
different packing structures at the surface. The surface adsorption characteristics of a 
surfactant is a consequence of its molecular structure. The hydrophilic head group is 
attracted by water. Water molecules have a higher attraction to each other than to the 
hydrophobic hydrocarbon chains and therefore the hydrophobic groups are withdrawn 
from the liquid. The exact orientation of the surfactant is dependent on the nature of 
the surface. If the surface is air the hydrocarbon group will orientate away from the 
liquid. In the case of a hydrophobic (non-polar) solid it will orientate towards the 
solid. If it is a hydrophilic (polar solid) it could orientate away from the solid (Fig. 
4.7). The following summary of different adsorption mechanisms is given by Porter 
(1991). 
Polar or hydrophilic surfaces 
• The chemical nature of the surface can play an important role, e.g. metal oxides 
can form salts on the surface (chemisorption )with anionics. 
• With polar surfactants, adsorption can be high; the polar groups can orient towards 
the surface and the hydrophobic chain then makes the particle hydrophobic. A 
second layer can be formed with hydrophilic groups on the outside. 
Non-polar or hydrophobic surfaces 
• The amount of adsorption is extremely small with polar surfactants; 1 x 10-4 mol/g 
on activated carbon in 0.05 % sodium dodecyl sulphate. 
• The adsorption of polar surfactants can be increased by addition of electrolytes 
which reduces the electrical double layer. 
• Non-ionics adsorb appreciably higher amounts (lOx) than polar surfactants. 
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• The effect of electrolyte addition on adsorption of non-ionic surfactants does not 
significantly affect the amount of adsorption. 
• Effect of temperature: polar surfactants adsorb less with increase in temperature. 
Ethoxylates increase adsorption with increasing temperature (because they 
dehydrate with increasing temperature thereby becoming more hydrophobic). 
• Increase in the length of hydrocarbon chain increase adsorption. 
• Branching in the hydrocarbon chain decreases adsorption. 
The molecular attachment and orientation of a cationic surfactant at membrane 
surfaces has been investigated by Wakeman and Akay (1997). The cationic surfactant 
used in their study forms a lamella structure at high concentrations and the possible 
interfacial structures between a wetted membrane and this surfactant phase is shown 
in Figure 4.8. 
A) 
C) 
h D) w 
Figure 4.8: Surfactant structure at the membrane surface (Wakeman and Akay 
1997). 
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Wakeman and Akay (1997) demonstrate how a Flory -Huggins free energy parameter 
approach can be used to predict the type of interface structure. 
x _ (0, -0,) 
12 - RT 4.36 
Where 0, and 02 are the Hildebrand solubility parameters. 
For a tertiary (membrane/solute/water) system, which involves charged molecules in a 
highly polar liquid medium direct application of the Flory - Huggins approach is not 
possible. In this case the hydrophile-lipophile balance (HLB) number of the surfactant 
should be converted into the solubility parameter. The solubility parameter is then 
converted into the so-called Hansen parameters. These include dispersion Od polar op 
and hydrogen bonding Oh terms. 
The solubility parameter of the surfactant can be estimated using the Little-Singer 
equation. 
243 ° ,(in MPa°.5) = + 12.3 
. 54- HLE 4.37 
The solubility parameter is decomposed into the Hansen parameters using 
4.38 
The factor 0.25 is a result of the molecular orientation present in the polar and 
hydrogen bonding. The dispersion solubility parameter can be calculated using the 
small equation. 
'" NF O.,dO = P L... ~' 
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Where p is the density, M is the molecular weight and LM;F; is the sum of molar 
attraction constants. F; is associated with each functional group and N; is the number 
of such groups in the molecule. 
Equation 4.38 can be rearranged to give the combined polar and hydrogen bonding 
components of the surfactant solubility parameter. 
4.40 
The non-ionic polymer solubility parameter can also be decomposed into the Hansen 
solubility parameters. 
When the following conditions apply 
o md » 0 mu (hydrophobic membrane) 
O"d »0,," (lowHLBsurfactant) 
4.41 
4.42 
a strong adhesion between the surfactant and the membrane can be expected provided 
that Omd :; Osd as a result of van der Waals attraction and high compatibility. In this 
case the Flory - Huggins equation (4.38) approaches zero. The hydrophobic surfactant 
tail will adsorb onto the membrane surface and thus create a more hydrophilic surface 
(Figure 4.8a). Examples for this type of interaction are PTFE, polystyrene and 
polycarbonate membranes. This is a useful approach for non-ionic membrane/solute 
systems. It can only be used for low HLB surfactants when ionic surfactant systems 
are used. 
When electrostatic forces are significant and the conditions in equation 4.42 are not 
fulfilled, the orientation of the surfactant molecules is as shown in Figure 4.8 b,c,d. 
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The water layer thickness, ho is can be calculated using a force balance between the 
membrane and the surfactant assembly. The force is calculated as a summation of van 
der Waals, structural and electrostatic forces (Wakeman and Akay 1997). 
4.3.2 Micelles 
The surface tension of a solution becomes constant (or nearly constant) when the 
surface is saturated with surfactant. If the surfactant concentration is further increased 
at this point surfactant molecules remain in the bulk of the liquid, but the hydrophobic 
hydrocarbon chains are still repelled from the water. The surfactant molecules tend to 
agglomerate and form assemblies known as micelles where the interior resembles a 
hydrocarbon separate phase. The concentration at which micelles first form is called 
the critical micelle concentration (CMC). 
Micelles influence the viscosity of the surfactant solution and the solubility of organic 
hydrocarbons and oils in aqueous solutions. These properties are dependent upon 
micelle size and shape. The micelle size is measured in terms of the aggregation 
number, which is the number of surfactant molecules associated with a micelle. 
Table 2 shows typical aggregation numbers for different surfactants and its 
dependence on temperature (Porter 1991). 
Non-ionics form much larger micelles than cationics or anionics. In general the 
aggregation number decreases with increasing temperature because of an increase in 
kinetic energy reducing the tendency to aggregate. In non-ionics this effect is far 
outweighed by the loss of water from the ethoxylate group, rendering the surfactant 
less soluble and hence increasing the tendency to aggregate. 
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Table 2: 
Surfactant aggregation numbers 
Surfactant 
Sodium dodecyl sulphate 
Dodecyl alcohol +6EO 
Decyltrimethyl ammonium bromide 
Barium dinonylnaphthalene sulphonate 
(in benzene) 
Temperature Aggregation No. 
(OC) 
23 71 
54 40 
25 400 
35 
45 
23 
20 
1400 
4000 
36 
15 
Most surfactants form spherical micelles at low concentrations. Certain surfactants 
with long hydrophobic chains form cylinder shaped micelles in dilute solutions. 
Dilute surfactant solutions behave like Newtonian fluids. 
Micelle shape changes as the surfactant concentration increases and the available 
space decreases. The spherical micelles change to a lamellar or cylindrical form. This 
results in a large viscosity increase and a change to non-Newtonian properties. At 
medium concentrations the micelles usually have a cylindrical form. At this stage the 
surfactant has the highest viscosity. At a certain concentration the viscosity is so high 
that a gel is formed. Lamellar sheets with water trapped between the surfactant double 
layer are formed at high concentrations. 
The formation and disintegration of spherical micelles can occur in fractions of 
seconds, whereas the formation of lamellar or cylindrical micelles can take hours or 
days. 
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Spherical 
Cylindrical 
Figure 4.9: Micelle shapes 
The following general rules of how the chemical structure effects the CMC are given 
by Porter (1991). 
The hydrophobic group 
1. The CMC decreases as the number of carbons in the hydrophobic chain increases. 
2. The CMC increases as the head moves away from the end of the hydrophobe 
towards the middle. 
3. The CMC increases if polar atoms (e.g. N or 0) are included in the hydrophobic 
group. 
4. The CMC decreases if fluorine atoms replace carbon atoms in the hydrophobic 
group. 
47 
Literature Survey Surfactants 
The hydrophilic group 
1. Charged hydrophilic groups have CMCs much higher than ethoxylated non-ionics. 
2. The nature of the hydrophilic group, if charged, has little effect on the CMC 
3. Addition of an ethylene oxide unit to a non-ionic gives an increase in CMC 
4. Addition of an ethylene oxide unit to an ether sulphate gives a decrease in CMC 
(the EO unit is acting as a hydrophobe not a hydrophilic unit). 
5. The CMC increases if an extra hydrophilic head is introduced (not Ethylene 
oxide). 
6. In an anionic salt the CMC decreases in the order Li+>Na+>K+>Ca2+,Mg2+. 
Effect of added electrolyte 
1. The CMC decreases when electrolyte is added to ionic surfactants. 
The CMC of non-ionic and amphoteric is not much affected by electrolyte 
addition. 
4.3.3 Solubility 
Surfactant solubility in aqueous solutions increases with increasing temperature. At a 
certain temperature specific to the surfactant the solubility rises dramatically. This 
temperature is known as the Kraft point (Figure 4.10). The Kraft point is also the 
minimum temperature required for the formation of micelles. The Kraft point of non-
ionic surfactants based on ethylene oxide decreases with increasing temperature due to 
the loss of water from the hydrocarbon chain resulting in a decrease in solubility. 
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Figure 4.10: The Kraft point 
The most common ethoxylates have a theoretical Kraft point below 0 °C. Ethoxylates 
with a large hydrophobic group have a Kraft point above 0 °C. The Kraft point and 
solubility of ionic surfactants are dependent on the associated counter ions. The Kraft 
point increases in the following order: Potassium salt < sodium salt of fatty acid < 
calcium salt offatty acids. 
As a general rule the Kraft point can be reduced and micelle formation increased by 
increasing the hydrophilic character or reducing the hydrophobic character of the 
surfactant. This can be achieved by the following methods (Porter 1991). 
I. Inclusion of ethoxy groups in dodecyl sulphate increases solubility but an increase 
in the number of EO groups does not reduce the CMC. 
2. Reduction in the length of a hydrophobic chain my result in loss of other 
properties. 
3. Increase in branching may result in surfactant becoming non-biodegradable. 
4. Addition of electrolyte usually results in an increase in Kraft point. 
5. Addition oflow molecular weight alcohol's result in reduction in the Kraft point. 
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4.4 Ultrafiltration and microfiltration of surfactant 
dispersions 
4.4.1 Factors affecting filtration rate 
If no solutes are present the permeate flux J(t) is proportional to the filtration pressure 
or transmembrane pressure and the intrinsic membrane resistance Rm. 
~ dV = J(t) = M = M 
A dt /lR Rm 
(4.43) 
where V is the volume of permeate produced, t is the filtration time, A is the filtration 
area and R is the flow resistance of the membrane (function of membrane properties 
such as porosity and pore size). 
The intrinsic membrane resistance is related to the specific flow resistance by the 
following relationship: 
(4.44) 
Therefore the intrinsic membrane resistance Rm is also temperature dependant 
because the viscosity of the permeating liquid changes with temperature. 
If solutes are present in the filtration process, the accumulation of these in the pores 
and on the membrane surface have to be considered. The overall resistance increases 
and the flux equation becomes: 
M 
J(/) = -R-+-R-. +-R-
m I j 
(4.45 ) 
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where Ri is the resistance due to solute/membrane interactions inside the pore. It is a 
function of solute/membrane interaction, solute concentration and temperature. Rf is 
the fouling layer resistance. It is a function of solid and solute concentration, solute 
membrane interactions, compressibility of the gel layer, transmembrane pressure and 
crossflow velocity. 
Ri and Rfchange with time and approach a steady state value. The steady state flux 
can be related to this development. 
4.4.2 Permeate flux decline 
The initial flux decline during the ultrafiltration of non· ionic surfactant is very rapid 
and a steady state value is achieved within minutes of start·up. Because of this rapid 
decay it is very common to consider the steady state flux J~ of the system and not the 
permeate flux J(t) to evaluate the membrane performance. 
Even during the filtration of pure water a flux decline can be observed due to 
contaminants. Here again the steady flux J~ is used to determine the membrane 
performance. 
Akayand Wakeman (1994) identified four distinct phases in the variation of permeate 
flux with time, during the filtration of a double chain cationic surfactant. 
1. flux rise due to process transient and/or membrane surface modification 
resulting from surfactant deposition. 
2. rapid flux decay period 
3. slow flux decay period 
4. very slow flux decay period which may be construed as being steady state 
of permeate flux. 
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However, due to the very fast surfactant deposition kinetics some of these regions 
might be absent. 
4.4.3 Effects of process parameters 
The fouling layer resistance Rfand the membrane pore resistance Ri are dependant on 
several process parameters. The following relationship has been proposed by Grieves 
et al. 1973. 
R + R. oc ca u' T C !!.p' I ' , (4.46) 
where Cs is the surfactant concentration, u is the crossflow velocity and T is the 
absolute temperature. 
a, b, c and e are constants which were found to have the following values: 
a = 0.825, b = -1.26, c = 8.92,e = 2.25 
An initial increase in filtration pressure causes increase in flux. When the flux is 
increased further a plateau region is reached. This behaviour has been confirmed by 
ultrafiltration experiments with a non-ionic surfactant, in which the variation of J~ 
with change in transmembrane pressure was investigated (Akay and Wakeman 1993). 
4.4.4 Effect of crossflow velocity 
The permeate flux J ~ has been observed to increase with increasing crossflow 
velocity. Two possible effects of increased crossflow velocity are used to explain this 
flux increase (Akay and Wakeman 1993). The thickness of the fouling on the 
membrane surface is reduced as a result of erosion by the fluid. The shear forces 
created by the crossflowing fluid can influence the phase behaviour of the surfactants, 
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transforming spherical micelles into rod shaped micelles. This results in an increased 
viscosity of the solution, but the packing structure of the rod shaped micelles is much 
looser. Also the large rod shaped micelles are rejected easier from the membrane than 
the small spherical micelles. 
4.4.5 Effects of temperature 
Temperature has a strong effect on both the intrinsic and dynamic membrane 
resistance. The intrinsic membrane resistance decreases with temperature because the 
viscosity of the continuous phase decreases. 
The dynamic membrane resistance .s also a strong function of temperature. 
Temperature changes will influence the phase behaviour of surfactants in the pores 
and in the fouling layer, where the concentration is high. It is expected that liquid 
crystalline phases form within the pores and on the membrane surface. This will 
influence both the permeate flux and solute rejection. 
4.4.6 Gel concentration 
In general the steady state flux J ~ falls with increasing surfactant concentration. Gel 
polarisation occurs at a well defined bulk concentration, known as the gel 
concentration. This gel concentration has been shown to be independent of processing 
conditions, but it is dependent on membrane/surfactant interactions (Akay and 
Wakeman 1994). The gel polarisation concentration is well above the critical micelle 
concentration and it is suggested that it is associated with the formation of stable 
viscous phases such as hexagonal (H.), lamella (La), or cubic (I.), in regions of high 
surfactant concentration, like the secondary membrane and inside the membrane 
pores. The formation of these phases is very much temperature dependent. 
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The gel concentration can be determined from a plot of steady state flux (J~) versus 
log [CjI, where Cfis the feed concentration. By definition, the feed concentration is 
equal to the gel concentration when the steady state flux is equal to zero. However, it 
has been found that most systems are non-linear and the steady state flux seems to 
approach a constant value (Akay and Wakeman 1994 b). In this case the gel 
concentration is found by extrapolating the linear part of the J~ versus log [Cr] plot 
and it is termed the pseudo gel concentration (Cg*). The true gel concentration for 
linear systems therefore has to be differentiated from the pseudo gel concentration for 
non linear systems. The pseudo gel concentration has been found to be relatively low 
« 1 0%), and the surfactants in the feed stream should be in a low viscosity phase at 
that concentrations. However this means there are severe restrictions on the maximum 
surfactant feed concentration that can be processed by crossflow filtration. 
It was postulated (Akay and Wakeman 1999) that the surfactant concentration in the 
secondary membrane is related to the pseudo-gel concentration (or gel concentration) 
through: 
Cm = A[c.]" 4.47 
Where A and n are two constants. It has been shown for a 
dioctadecyldimethylamonium chloride/polysterene membrane system that A '" 1 0 
(assuming n '" I). It is often assumed that the surfactant concentration in the 
secondary membrane is equal to the gel (or pseudo gel) concentration. This 
assumption is not correct and the boundary conditions should be redefined. 
4.4.7 Effects of membrane type 
Laslop and Staude (1986) have shown that gel polarisation occurs at a lower 
surfactant concentration when the surfactant is more hydrophobic. This can be 
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explained by the fact that hydrophobic surfactants form liquid crystalline or solid 
phases at much reduced surfactant concentrations. 
The filtration rate is very much affected by the type of gel structure and by the nature 
of the surfactant/membrane interaction in the pore. In the case of a strong 
membrane/surfactant interaction the gel growth is expected to start from the 
membrane wall and cover the whole pore cross-sectional area, leading to a rapid gel 
polarisation. The effect of gel formation due to surfactant/membrane/water 
interactions is to reduce the porosity and pore size of the membrane. Membrane 
porosity is not completely eliminated and water can still diffuse through the inter 
micellar spaces, through defects in the liquid-crystalline surfactant phase and through 
the membrane/surfactant phase interface. 
4.4.8 Effects of electrolyte 
In general, an increase in electrolyte concentration reduces the head group repulsion 
and hence lowers the critical micelle concentration of aqueous solutions. However in 
the case of non-ionic surfactants, electrolytes have no effect on the critical micelle 
concentration. 
Micelle counter ion associations are used in micelle enhanced ultrafiltration to remove 
multivalent ions. The presence of electrolytes can also cause early gel polarisation by 
enhancing inter surfactant associations. 
Laslop and Staude (1986) have investigated the effect of electrolytes on flux decay in 
reverse osmosis of surfactant solutions. At low surfactant concentrations of up to 1 g/l 
no significant decrease in steady state flux is observed in the absence of electrolyte. 
However in the presence of electrolytes the steady state flux J oo decreases rapidly with 
increasing surfactant concentration. 
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Keskinler et all (1997) investigated the effect of chromate and NaCI on the molecular 
fouling index of a surfactant (cetyl trimethylammonium bromide) system. It was 
shown that the fouling index was reduced with increasing chromate concentration. 
This reduction of the hydrodynamic resistance of the secondary membrane is a result 
of the formation of a low viscosity, high-water content liquid crystalline phase which 
is assumed to be a hexagonal phase. The effect of NaCI was to increase the fouling 
index. This shows that the electronic structure and size of the ions can have entirely 
different effects on the permeate flux and rejection characteristics of the membrane. 
4.4.9 Component rejection 
The rejection of a dispersed or dissolved component i is defined by the equation 
4.48 
where c
p 
is the component concentration In the permeate and c
J 
is the mean 
component concentration in the feed. 
Rejection is time dependent and reaches, just like the permeate flux, a steady state 
value. It is affected by several factors: Sieving, difference in diffusion rates of solute 
and solvent in the membrane, continuous phase membrane interaction, van der Waals 
force, Donan exclusion of ionic solutes by charged membranes, secondary membrane 
effects. 
Similar to the flux decay, the permeate concentration decay can be divided into four 
distinct regions (Akay and Wakeman 1994 b): 
I. almost constant permeate concentration due to the process transient or the 
initial deposition of the surfactant on the membrane. 
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2. delayed rejection period where any rejection is due to hydrodynamic 
conditions prevailing over the membrane surface 
3. rapid decay of permeate concentration due to the developing secondary 
membrane on the surface and within the pores of the membrane 
4. steady state rejection period which corresponds to the establishment of 
steady state for permeate flux. 
Permeate concentration starts to decay only after the establishment of a slowly 
decaying plateau region for flux. The permeate concentration decay is initially slow, 
but increases rapidly after the establishment of the steady state permeate flux. If the 
filtration time is long enough the permeate concentration also reaches a steady state. 
4.4.10 Ultrafiltration of non-ionic surfactant 
The filtration of non-ionic surfactants is considered to be independent of membrane 
charge. However it is dependent on pore size and pore size distribution. It has been 
shown that in some cases the electrical and chemical nature of the membrane can 
influence component rejection (Akay and Wakeman 1993). It is suggested that this is 
probably due to membrane/surfactant dipole-dipole interactions. The formation of 
liquid crystalline surfactants linked to the membrane increases rejection. 
The rejection of different membrane types decreases in the following order: non 
cellulosic, cellulose ester, cellulose acetate. It has been shown for polyelectrolyte 
membranes that rejection increases with decreasing pore size. 
4.4.11 Ultrafiltration of ionic surfactants. 
In the case of ionic surfactants, rejection IS dictated by membrane surfactant 
interactions. In general, ionic surfactants are more easily rejected than the non-ionic 
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species. Naturally there is zero rejection if the membrane is damaged. The rejection of 
anionic surfactants was shown to decrease in the presence of polyphosphate (P3 055-) 
when cellulose acetate membranes were used (Bhattacharyya et at 1979). However, 
when non-cellulosic membranes were used rejection was excellent in all cases. This 
indicates the importance of surfactant phase formation in or on the membrane. 
An increase of transmembrane pressure leads to a decrease in rejection. It is suggested 
that this is because the surfactants in the pores are replaced continuously and a raised 
filtration pressure accelerates this process. 
Cabasso (1981) investigated the relationship of surfactant permeate concentration and 
rejection. He demonstrated that rejection increases gradually with increasing 
surfactant concentration. At the critical micelle concentration rejection increases more 
rapidly and a very high rejection can be demonstrated above the critical micelle 
concentration. 
4.4.12 Micellar enhanced ultrafiltration 
It has been shown that in the case of a cationic surfactant the permeate concentration 
increases gradually with increasing retentate concentration, until a critical 
concentration is reached. The permeate concentration increases rapidly when the 
retentate concentration is raised above this critical value (Christian and Scamehom 
1989). 
Experiments in which a pollutant oil was solubilised usmg a cationic surfactant 
showed similar results. The oil permeate concentration decreases when the 
surfactant/oil ratio is increased. 
Micellar enhanced ultrafiltration is also used for the removal of metal ions from 
aqueous streams. In general the permeate metal ion concentration decays rapidly with 
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increasing retentate surfactant concentration. The presence of monovalent counter 
ions can have a strong influence on rejection. The rejection of Cu2+ is decreased 
significantly by the presence of NaCI (Akayand Wakeman 1993). 
4.4 .13 Reverse osmosis 
Surfactant rejection in reverse osmosis decreases as pore size increases. Rejection is 
also dependent on surfactant concentration. An increase in surfactant concentration 
leads to an increase in rejection. It has been observed that the pore size becomes less 
important as the gel layer builds up during filtration (Akay and Wakeman 1993). This 
is very similar to the results found in ultrafiltration and micellar enhanced 
ultrafiltration. 
The effect of electrolyte on surfactant rejection is dependent on the type of electrolyte 
present in the system (Keskinler et al. 1997). An increase of surfactant feed 
concentration up to a critical value leads to an increase in surfactant rejection. When 
this critical value is exceeded a rapid drop in rejection can be observed. Akay and 
Wakeman (1994) postulate that this could be due to precipitation of surfactants in the 
presence of electrolytes, which results in inter-crystallite defects allowing the passage 
of surfactant molecules and micelles. 
Effects of transmembrane pressure in ultrafiltration and reverse osmosIs are 
contradictory. Battacharya (1979) observed a slight reduction in rejection when the 
filtration pressure was increased in ultrafiltration. Laslop and Staude (1986) reported 
an increase in rejection when the transmembrane pressure was raised in reverse 
osmosis. Explanations for this difference can be found in the fact that pore size and 
pressure in ultrafiltration and reverse osmosis vary significantly. The following 
possible effects of high filtration pressure on rejection have been suggested: 
• increased surfactant packing and hence reduction of crystal defects leading to 
increased rejection. 
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• destabilising effects on surfactant molecules in the pores, displacing them more 
easily leading to a reduction in rejection. 
• if pores are small enough the micelles are not displaced by an increased 
transmembrane pressure and rejection increases. 
Permeate flux J~ increases with increasing transmembrane pressure and tails off as 
transmembrane pressure increases still further to reach a constant value due to gel 
polarisation. The presence of electrolyte causes a reduction in head group repulsion, 
which enables the surfactant to absorb on to the membrane. This leads to an increased 
resistance of the secondary membrane and surfactant rejection. This is only true if the 
presence of the electrolyte does not cause any large defects due to crystallisation in 
the secondary membrane. Non ionic surfactants are rejected more easily and rejection 
is usually not significantly affected by the feed concentration 
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+5 Removal of metal lOIlllS from waste water streams 
Metal containing effluents come from a variety of industrial processes, including the 
mining, the mineral processing and metal finishing industries. Effluent of the 
electroplating industries, which is characterised by urban location and proliferation of 
small operators, contain metals such as chromium, nickel, cadmium, zinc, and copper. 
This leads to contamination of sewage sludge and heavy metal pollution of the ocean. 
Simple traditional treatment methods like alkali precipitation and gravity settling can 
only achieve water quality of about 10 mgl- I of heavy metal and produces a solid 
sludge that is becoming difficult to dispose. 
Increasingly stringent discharge standards require concentrations of I - 2 mgl- I for 
sewer discharge and 0.1 - 0.5 mg I-I for open water discharge. Typical discharge 
standards for individual metals set by the National River Authority in the UK are 
shown in Table 3 (Broom et aI1994). 
Table 3: 
Standards for individual metal ions 
Set by the National River Authority in the UK 
Metal Concentration J.lg/l 
Lead 20-250 
Zinc 125-500 
Copper 28 
Cadmium 5 
Nickel 200 
Tin 0.02 
Arsenic 50 
Mercury 1 
Chromium 50-250 
pH 6.5-8.5 
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In the future heavy metal effluent treatment should feature the following 
characteristics: 
• The ability to recover metal values 
• the ability to produce water for reuse 
• the need for few additional chemicals 
• ease and reliability of operation 
Membrane processes like reverse osmosis have already been used in the electroplating 
industry. The advantages of reverse osmosis treatment are a high quality filtrate, the 
lack of chemical addition and the compact nature of the plant. However the 
disadvantages are that it is costly, the lack of sensitive control and that there is no 
selectivity between ionic components. 
4.5.1 Conventional technologies 
The conventional technology likely to be selected for the treatment of mixed chemical 
effluent involves chemical flocculation followed by settlement in clarifiers. Lime, 
ferric chloride and aluminium sulphate are common additives which precipitate the 
metals as their hydroxides. 
Squires (1992) investigated the effect of different additives to an electroplating 
effluent, treated in a clarifier operated on an 18 hours retention time. The best results 
were obtained with a lime sulphide combined treatment. A typical result is shown in 
Table 4. 
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Table 4 
Metal ion removal efficiency of a conventional clarifier 
Parameter Feed (mglI) Clarifier (mglI) 
Cadmium 2.44 0.06 
Chromium 7.24 0.1 
Calcium 9.98 2.14 
Lead 4.88 0.62 
Mercury 18 0.15 
Nickel 13 1.62 
Zinc 71.2 5.46 
4.5.2 Dynamically formed membranes 
Dynamically formed membranes consist of a selective layer of dispersed colloidal 
particles and a highly porous support. The dynamic membrane material is suspended 
in the solution to be separated. The dynamic membrane reaches a dynamic 
equilibrium. It is permanently removed and rebuilt. The membrane support usually 
consists of ceramic plates and tubes, porous graphite tubes or polymer membranes 
with a typical pore size of 0.2 to 1 Ilm. Membrane forming additives are metal oxides, 
polyacrylic acid, and polyvinylpyrollidone. Double layer membranes like ZrIV and 
polyacrylic acid are also used. 
The advantages of a dynamic membrane are that they give very high fluxes and no 
module replacement is required if a membrane replacement is necessary. The dynamic 
membrane can be removed simply by low pH rinsing and a new coat is deposited in a 
subsequent cycle. 
The membrane properties are influenced by operating conditions such as 
transmembrane pressure, feed flow rate, pH and porosity of support. 
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Squires describes a cross flow filtration system based on a dynamic membrane formed 
on a fabric support. The tubular fabric filtration curtain is woven from multi filament 
polyester yam in the form of double interleaved cloth. The fabric tubes (13 and 25 
mm diameter) are hung vertically from a suspension system and flowboxes and 
manifolds are fitted at either end. The flow is directed through several tubes in 
parallel. 
The dynamic membrane is formed by either solids present naturally in the feed 
suspension or by the deposition of materials such as metal hydroxides or sulphides. A 
rejection of particles as small as 0.1 Ilm can be achieved. 
In the case of heavy metal effiuents precipitants like sulphide, hydroxide and diethyl 
dithiocarbamate (DTC) are used. The suspended solids in the feed are capable of 
forming suitable dynamic membranes and no additional membraning materials are 
required. 
During a filtration run a slow increase of the membrane thickness and a compaction 
due to differential pressure can be observed. This leads to an undesired decrease in 
filtration rate. To maintain an economic flux the dynamic membrane has to be 
replaced at certain intervals. The recirculation of acidic solution has proved very 
effective to dissolve all the deposits. 
The hydraulic path length should be limited to 40 to 50 m, and the crossflow velocity 
maintained between 0.75 and I ms- I to avoid blockage of the tubes at high solids 
concentration. A reliable pH control and dosing system is essential to avoid operating 
difficulties. Feed tanks must be of the hopper type rather than the flat bottom tank. 
Routine tests on a full scale plant at Cory Environmental in West Thurrock, London 
treating mixed plating effiuents gave the concentrations (all results in mg) shown on 
Table 5. 
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Table 5 
Metal ion removal efficiency of a dynamic membrane system 
Parameter Conc. I Conc.2 Conc.3 
Feed Permeate Feed Permeate Feed Permeate 
mg/I mg/I mg/I mg/I mg/I mg/I 
Cadmium 0.57 0.0026 0.65 <0.01 1.32 0.095 
Chromium 3.5 0.57 3.03 0.76 3.64 0.41 
Copper 3.26 0.326 2.76 0.42 22.9 4.32 
Mercury 1.27 0.015 0.967 0.015 0.15 0.088 
Nickel 3.06 2.19 3.07 2.14 5.5 2.37 
Lead 1.71 0.3 l.l8 0.4 1.76 <0.05 
Zinc 7.82 0.38 5.46 0.48 9.04 0.168 
The plant was equipped to dose up to 400 mgl- I lime and 10 mg l sodium hydrogen 
sulphide liquid. The Discharge effluent treated by the Exxflow system is within the 
discharge standard set down by the Municipal Authority receiving the treated effluent 
for disposal to the ~ewer. 
4.5.3 Crossflow surfactant-based ultrafiltration 
At surfactant concentrations above the critical micellar concentration, surfactant 
molecules will attach to each other, forming larger macromolecules termed micelles. 
Heavy metal ions can be removed from waste water streams using ultrafiltration 
membranes by fixing them to these macromolecules. 
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Figure 4.11: Schematic of a micellar enhanced filtration process 
Micelles generally contain 50 -100 surfactant molecules. This number of surfactant 
molecules is termed the aggregation number. The surfactant macromolecules are 
highly charged structures and ions of opposite charge to the surfactant (counterion) 
absorb or bind to the membrane surface. In the case of multivalent ions, the 
electrostatic interaction is very strong and the fraction of unbound ions is very small 
under the appropriate process conditions. 
The surfactant to metal ion ratio has a strong effect on metal ion rejection. In general 
it has been observed that rejection approaches the 100 % value asymptotically with 
increasing SIM ratio (Fane and Awang 1992). Nystrom (1993) however reported 
results in which an increase in surfactant/metal ion ratio caused a decrease in rejection 
(Fig. 4.11). Her research was concerned with the removal of copper ions using sodium 
dodecyl sulphate as a surfactant. 
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Figure 4.12: Effect of SDS/metal ion ratio on metal ion rejection using a 
Carbosep (MS) membrane, cut off 10 kD, at pH S (Nystriim 1993) 
A Carbosep (MS) membrane, which is made of an active layer of Zr02 on Carbon, 
was used and the experiments were performed at pH 5. At this pH value the 
membrane and copper ions are positively charged and the surfactant negative. 
Electrostatic interaction between membrane and micelles causes a decreasing flux at 
increasing surfactant concentration. However, the decrease in metal ion rejection with 
increasing SOS concentration can not be explained easily. In similar trials using 
sodium dodecyl sulphate and an Osmonics (RG03) membrane, made from anisotropic 
acrylanitryl (molecular weight cut off 2 kD), an increase of copper rejection has been 
demonstrated with increasing metal ion concentration (Huang and Batchelor (994). 
An increase in surfactant concentration causes a decrease in permeate metal ion 
concentration and an increase in rejection. This observation may be explained by the 
fact that a larger proportion of the surfactant molecules are present as monomers at 
lower surfactant concentrations. This monomer fraction decreases with increasing 
surfactant concentration. The metal ion rejection increases asymptotically with 
increasing surfactant concentration, which means that the surfactant concentration has 
little or no effect on permeate purity at high surfactant concentrations. 
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Figure 4.13: Effect of retentate Cu2+ concentration on permeate Cu 2+ 
concentration 
An increasing metal ion concentration in the retentate causes an mcrease ID the 
permeate metal ion concentration. Experiments using divalent copper ions and sodium 
dodecyl sulphate have shown that this increase is more than proportional (Fig. 4.12) 
(Christian and Scamehorn 1989). During ultrafiltration permeate is emitted from the 
original feed stream and the vast majority of metal and surfactant is rejected. This 
causes an increase in metal ion and surfactant concentration in the retentate, but it 
doesn't alter the surfactant/metal ion ratio significantly. It has been shown in trials 
with SOS and Cu2+, that the purity of the permeate decreases with increasing 
concentration (Christian and Scamehorn 1989). As mentioned above, an increase in 
surfactant concentration does not have a significant effect at high surfactant 
concentration, therefore this increase in impurity must be caused by the increase in 
metal ion concentration. 
Heavy metal containing wastewater streams usually also carry monovalent 
electrolytes. These monovalent salts compete for binding sites on the micelles and 
reduce the separation efficiency of the multivalent metal ion. The detrimental effect of 
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NaCl on metal ion reduction in micellar enhanced ultrafiltration is shown in Figure 
4.14 (Christian and Scamehom 1989). 
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Figure 4.14: Effect of re tent ate SDS concentration on permeate Cu2+ 
Concentration at different levels of added NaCI. 
It can be seen from this results that the separation efficiency reducing effect of added 
monovalent electrolyte can be substantially offset by the use of higher surfactant 
concentration. 
However, using a higher surfactant concentration does not provide selective removal 
of specific metal ion as is required in some processes, e.g. metal ion recovery for the 
electroplating industry. It is also uneconomic to remove all counterions by excessive 
use of surfactant if only a few ionic species require removal. One solution which has 
been suggested for this problem is the addition of a chelating or complexing agent to 
the solution which ties up the counter ions of interest. These are then solubilised into 
the micelle and can be selectively removed by normal MEUF. 
Christian and Scamehom (1989) have demonstrated that there is an optimum 
membrane pore size for copper ion rejection. The copper permeate concentration 
69 
Literature Survey Removal of metal ions from waste water streams 
decreases when the membrane pore size is increased from 1000 to 5000 MWCO. 
Above the 5000 MWCO the permeate concentration increases with increasing 
membrane pore size. However rejection still reaches levels of more than 99 % with 
membranes of 20 000 MWCO. It is suggested that these high rejection levels are 
caused by the formation of a gel layer which forms on the membrane surface, which 
contributes a presieving effect. 
Very similar rejection results have been achieved with different species of divalent 
metal ions. Valency is therefore thought to be the dominant mechanism affecting 
metal ion rejection by MEUF. The existing small differences are thought to be caused 
by complexation of the metal cations with anions present in solution. Cadmium, for 
example, has a strong tendency to complex with chloride, leaving a smaller 
concentration of cadmium to bind with the micelles, which has a decreasing effect on 
metal ion rejection. 
It has been observed that there is a considerable metal ion rejection even when the 
surfactant concentration is below the critical micelle concentration. Christian and 
Scamehom (1989) postulate that this might be due to the formation of a gel layer on 
the membrane surface. Surfactant monomers can be rejected to some extent by 
MEUF, which leads to an accumulation of surfactants on the membrane surface. The 
concentration of surfactant in the resulting gel layer may exceed the critical micelle 
concentration even when there are no micelles present in the retentate. This theory is 
supported by the fact that an increasing transmembrane pressure increases metal ion 
rejection at low surfactant concentration. It has been shown in experiments with 
divalent zinc ions that as the pressure drop decreases and the gel layer has less 
tendency to form, the rejection of the metal ion decreases. Akay et al. (1999) 
postulates that in the presence of organics and electrolytes one should expect changes 
in the permeation rate and rejection behaviour of the secondary membrane since such 
constituents alter the phase diagram of the surfactant/water binary system. 
The fact that it might be possible to achieve acceptable separation levels below the 
CMC can have a significant impact on the economics of processes which don't require 
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a high level of purity because it allows the use of reduced surfactant concentrations 
and hence reduces the raw material cost. 
It has been shown that surfactant concentrations can be even further reduced by using 
a mixture of ionic and non-ionic surfactants (Scamehom et at 1989). Rejection of 
Zn2+ ions could be improved from 48 % to more than 90 %, by adding 9 % non-ionic 
surfactant, with a total surfactant concentration as low as 4 mM. 
In industrial applications it is usually a mixture of metal ions that have to be removed 
from wastewater streams rather than individual metal ion species. However, it has 
been shown that the separation efficiency is not reduced by the presence of different 
metal ions. In fact the rejection for individual metal ions in a feed stream containing a 
mixture of metal ions is higher than in feed streams containing only one metal ion 
species, as long as the total metal ion concentration is similar in both cases. 
Naturally occurring surfactants like derivatives of cholesterol and lecithin have been 
used successfully for surfactant based ultrafiltration. These naturally occurring 
surfactants have the advantage that they are not toxic, they are biodegradable and 
abundant, and less expensive than synthetic surfactants. Lecithins are suitable for this 
ultrafiltration process because they have high molecular weights, fonn large size 
micelles in the retentate and have a small critical micellar concentrations which 
minimises surfactant monomer concentration in the penneate. 
Huang and Batchelor (1994) investigated the suitability of different natural surfactants 
for surfactant based ultrafiltration. The different types tested were a sodium salt of 
deoxycholic acid (DCA), lecithins and a soybean protein. 
In the case of the protein, extensive membrane fouling occurred which resulted in 
very low penneate flux levels. In all other cases the flux remained nearly constant 
after the feed solution was concentrated 2.5 times. The best rejection results were 
obtained when treating a simulated industrial wastewater containing, cadmium, lead, 
calcium, nickel and zinc with DCA (>99 %). The perfonnance of lecithin ( <60 % for 
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Cu and Ni) and protein (24 % for Ni, <70 % for Cd and Zn) were very poor. This is 
explained by the fact that anionic surfactants like DCA have a stronger binding force 
to cationic metal ions than lecithin and proteins which show amphoteric 
characteristics. DCA is a biological detergent and hence has the capability of cleaning 
the membrane during separation. This reduces the effects of gel layer formation and 
membrane fouling, which leads to a higher flux. 
Individual metal concentrations of 5 mM can be largely removed considerably by 
DCA at a surfactant/metal ratio above 2.5. However it is important that the critical 
micellar concentration is exceeded. Therefore a higher surfactant/metal ratio might be 
required for lower metal concentrations. 
In the case of a metal ion mixture competitive binding of the metal ions occurs. 
Therefore selective removal of metal ions can be achieved by selecting an appropriate 
amount of surfactant. The affinity of metal ions for DCA is Pb > Cu > Cd > Zn > Ni. 
In the case of a metal mixture it can be observed that metal ions can be removed even 
when the surfactant concentration is below the critical micellar concentration. It is 
suggested that this is due to the formation of metal complexes (Huang 1994). Total 
removal of metal ions from simulated wastewater containing a total of5.79 mM metal 
ions can be achieved using a surfactant/metal ratio of3. 
The performances of DCA and a synthetic surfactant, sodium dodecyl sulphate (SOS) 
were compared. DCA requires a critical SIM ratio of 2.5 compared to 5 for SOS to 
substantially remove all the metal ions in a mixture. However SOS shows a flux 
increase with increasing SIM ratio, whereas the flux with DCA decreases with 
increasing SIM. 
4.5.4 Complexing Ultrafiltration 
Metal ions can be retained by ultrafiltration membranes if they are complexed with 
macromolecules or sorbed onto particulate resin. The use of water soluble polymers 
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such as polyacrylic acid, polyethylenimine and alginic acid as complexing agent has 
been described in the literature (Fane et all 1992). 
The process can be operated in two modes, diafiltration and concentration. 
Diafiltration means there is a fixed amount of complexing agent in solution and the 
filtrate is continuously replenished by fresh feed. In practical applications a large 
excess of complexing agent is used to avoid the appearance of metal ions in the 
filtrate. However, the complexing polymer becomes loaded with metal ions if the 
duration of filtration is long enough and metal ions do appear in the filtrate. In 
concentration mode, the complexing agent is added to the feed solution which is then 
batch concentrated by a retentive membrane. 
Fane (1992) describes the removal of copper ions from a dilute solution (16 ppm) 
using alginic acid and a polysulphone membrane. In the absence of alginic acid the 
level of rejection is very low at low pH values. However there is a level of rejection 
which is probably due to a charge mechanism, similar to that observed in 
nanofiltration. As the pH increases the copper is hydrolysed and coagulates to fonn 
relatively insoluble copper oxide precipitate which is rejected by the membrane. 
At a pH above 4 copper ions bind to alginic acid and rejection reaches almost lOO %. 
Even at a lower pH when no ion binding occurs rejection is still quite high. This 
rejection is due to alginic acid precipitate fonning a gel layer on the membrane at low 
pH, which hinders the passage of copper ions. A copper recovery of up to 80 % can be 
achieved by lowering the pH to about 2 and the alginic acid solution can than be 
reused. One drawback of his process is that fouling can occur due to polymer 
precipitation caused by solubility limits at the membrane surface, causing a significant 
penneate flux reduction. 
Metal ions can also be removed using ultrafiltration or microfiltration by binding 
them to an ion exchange resin. This process can be run in diafiltration or 
concentration mode. The extent of metal uptake is dependent on ion-resin equilibrium 
and the kinetics of ion diffusion and uptake. 
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Fane (1992) has demonstrated in a diafiltration process of a 300 ppm copper solution 
containing 5 wt % resin that resin size is an important parameter. Smaller resin size 
leads to a significant increase in metal ion rejection. However it also causes a 
significant reduction in permeate flux. The increased rejection is explained by an 
increase in surface/volume ratio and an increased residence time in the slurry vessel 
caused by the lower flux. The optimum resin size will be a compromise between 
attainable flux and metal ion removal efficiency. 
4.5.5 Nanofiltration 
Nanofiltration is a pressure driven membrane process that lies between reverse 
osmosis and ultrafiltration. The typical pore size of nanofiltration membranes ranges 
from 1 - 4 mn. Fane (1992) has demonstrated that rejection of ions is dominated by 
charge and hydration mechanisms. He developed a set of rules for charge and 
hydration patterns which can be used as a guide to rejection mechanisms. 
Charge: 
• Rejection is dominated by the co-ion. A co-ion has the same sign of charge as the 
membrane. 
• Increased charge of co-ion increases rejection 
• Increased charge of counter ion reduces rejection, or no effect 
• Increased concentration reduces rejection 
• Mixed feed solution, monovalent co-ion paired with highest valency counter ion 
will pass preferentially through the membrane 
Hydration: 
• Rejection increases with hydrated ion size 
• Hydrated ion pairs increase rejection 
• Water structure breaking ions like N03- reduce rejection 
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• Strongly hydrated membranes increase rejection 
It is stated that rejection is clearly effected by an interaction of both patterns. 
Application of a nanofiltration membrane (Filmtech XP-20), to a dilute chrome 
plating bath solution gave reasonable rejection of the required anionic divalent 
species, Cr042- and S042-. Dependent on process conditions, a rejection of up to 80 
% (500 kPa filtration pressure) was achieved. The process gave very low rejection of 
contaminating ion species like Na+ and Cl- « 10 %). Rejection of divalent cations is 
a very strong function of filtration pressure and ranges from < 30 % at 500 kPa to 60 
% at 2000 kPa. Fluxes over the same pressure range increase from 45 to 160 Im-2h- l . 
The potential benefit of this process is its selectivity. However a higher rejection of 
the divalent anions, Cr042- and S042-, is required for practical application. 
4.5.6 Liquid membranes 
The membrane forming substance can be a liquid, generally a hydrophobic solvent. 
These liquid membranes exist either in the form of a double emulsion or they are 
fixed on porous supports. 
In the case of double emulsions the membranes are solvent drops in which an aqueous 
receptor phase is incorporated in the form of very finely distributed droplets. These 
water/oil emulsions are stabilised with emulsifiers and are then suspended and 
distributed in the feed solution by mechanical means such as stirring. With this 
method a large membrane surface area can be produced in a relatively simple way 
(1000 - 3000 m2 m-3). 
Supported liquid membranes are produced by soaking a support matrix like a 
microfiltration membrane in a solvent under vacuum. No stabilising emulsifier is 
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required in this case. A big advantage of liquid membranes is that selective solubility 
distributors, also known as mobile carriers, can be incorporated into the membrane. 
These mobile carriers allow the selective removal of materials which are otherwise 
membrane insoluble, like salts and metal ions. Other advantages of supported liquid 
membranes are: 
• Iow capital and operating cost 
• Iow inventory of extractant 
• the possibility of separating and concentrating metal IOns In one process unit 
(compared to other processes like solvent extraction) 
The disadvantage of this process is the membrane lifetime and stability. The critical 
displacement pressure, defined by the Laplace - Young equation below, is the 
differential pressure required to displace the liquid membrane which is held in place 
by capillary forces. 
p = 2.y.cos9 
c 
(4.49) 
r 
where y is the interfacial tension, 9 is the contact angle and r is the capillary radius 
The Laplace equation applies for straight, cylindrical pores. For membranes with 
irregular tortuous pore, characterised by a structure angle the following equation for 
the critical displacement pressure has been suggested (Fane 1992): 
p = 2.y.cos(9+am ) 
c 
(4.50) 
rh 
where am is the maximum contact angle of the pore relative to the normal direction 
and rh is the hydraulic radius and allows for non circular pores 
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Clearly the stability of the liquid membrane increases with increasing values of the 
critical displacement pressure, Pc. As it can be seen from equation 4.40, Pc increases 
with decreasing membrane support properties am and fh. A typical range for the 
hydraulic radius fh is 0.02 - 0.5 flm and reported values for am vary from 20 - >60 0. 
The critical displacement pressure for different membranes has been measured for a 
kerosene/water system and results are shown in Table 6 
Table 6 
Critical displacement pressure for different membranes 
Membrane type Pore size (flm) Pc (kPa) 
polypropylene Celgard 0.075 x 0.25 180 
polypropylene Accurel 0.2 400 
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5. Experimental 
s.n OVel!'VleW 
The experimental work in this project was carried out in three stages. 
• Feed solution characterisation 
This included the determination of the critical micelle concentration and 
investigation of the effect of metal ion concentration on the CMC. Measurements 
of micelle zeta potential and micelle size were obtained using a Malvern Zeta 
Sizer. The approximate shape of the micelles was determined by scanning electron 
microscopy of a freeze fractured lecithin solution. 
• Filtration trials 
Filtration trials were carried out at vanous feed concentrations and operating 
conditions. Feed solution and permeate samples were analysed for surfactant 
concentration, metal ion concentration, pH and conductivity. Permeate flux values 
were monitored throughout the filtration experiments. 
• Membrane feed interactions 
Membrane feed interactions were investigated by analysis of used membranes 
using Scanning Electron Microscopy (SEM) and Transmission Electron 
Microscopy (TEM). The membrane surface composition was analysed using 
Energy Dispersive Analysis by X-ray (EDAX) and X-ray Photoelectron 
Spectrophotometry XPS. 
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5.2 feed Characterisatiollll 
5.2.1 Surface Tension measurements 
The state of a liquid is controlled by short range van der Waals attractive forces and 
can be aided by other cohesive forces such as hydrogen bonding. In the bulk of the 
liquid the molecules are on average subjected to equal attractive forces in all 
directions. Molecules located at the liquid surface experience unbalanced attractive 
forces and are pulled inwards. Molecules have a spontaneous tendency to migrate 
from the surface to the bulk of the liquid and hence to decrease the liquid surface area. 
Changing the area of a surface by a certain amount, da requires the input of a certain 
amount of work, dw. 
dw=yda (5.1) 
Where y is the surface tension at that particular interface. The surface tension IS 
usually expressed as Nm- I or mNm- l • This is equivalent to Jm-2, which is the work 
done to form unit area of a new surface. 
In the case of a surfactant solution the equilibrium surface tension is not achieved 
instantaneously. The surface tension of a newly formed surface is usually the one of 
the solvent, because no surfactant molecules are adsorbed at the interface. Surfactant 
molecules have to migrate from the bulk ofthe liquid to the interface. 
Surface active molecules will displace water molecules at the surface which causes a 
decrease in the surface tension. Therefore surface tension measurements can be used 
to obtain important information about surfactant solutions. 
When the monolayer of surfactants at the air water interface becomes saturated, 
surfactant molecules start to form aggregates (micelles), so as to minimise 
hydrocarbon chain-water contact. The concentration at which micelles start to form is 
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called the critical micelle concentration. At the critical micelle concentration a number 
of changes in physical solution properties can be detected, e.g. surface tension, 
electrical conductivity, osmotic pressure and turbidity. 
If the average surface tension values are plotted against log of the surfactant 
concentration, the critical micelle concentration can be found from the break in the 
graph. A dip in this curve indicates the presence of impurities (Dalton and Naves 
1998). 
For any point the surface excess concentration r (mol m-2) can be calculated using the 
following equation: 
(5.2) 
where R is the gas constant R = 8.314 JK-'mor'. 
The mean area per surfactant molecule in the monolayer can then be estimated using 
equation (5.3). 
(5.3) 
where NA is the Avogadro constant NA = 1023 mor' 
A stock solution containing 20 g/I of lecithin was prepared from which working 
solutions were made up by adding diluent water. 
The critical micelle concentration was determined usmg surface tension 
measurements on a dilution series of lecithin solutions ranging from 0.1 to 20 g/I of 
lecithin. A White Electrical Instrument Co. Ltd. digital platinum ring tensiometer was 
used for this purpose. The effect of Cu2+ ions on the CMC was investigated by adding 
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25,50 and 100 ppm ofCu2+ and repeating the surface tension measurements. At least 
3 different samples were prepared at each dilution and the surface tension of each 
sample was measured 3 - 4 times. The overall average was taken as the final result. 
5.2.2 Photon Correlation Spectroscopy 
In Photon Correlation Spectroscopy the Brownian motion of diffusing particles is 
used to modulate the intensity of scattered light and the laser line width is broadened. 
The particle size is calculated from the spectral width r (Hz) of the scattered light. 
Light scattered from a moving particle suffers a Doppler shift in frequency. The 
scattered fields of particles travelling at different speeds suffer different Doppler 
shifts. 
The fractional shift of one particle is too small to be detected by conventional 
spectrometers. However if there are many particles in the illuminated volume and the 
total field of scattered light is incident on the photomultiplier tube, the beats between 
the different components lie within the bandwidth of conventional analogue 
electronics and can be detected with a spectrum analyser. 
It is far simpler to consider this process in the time domain as opposed to the 
frequency domain. The diffraction pattern from an amorphous solid consists of diffuse 
rings or haloes centred around a transmitted beam. The diffuse rings are made up of 
tiny speckles. A slow random motion of the molecules causes a flickering of these 
speckles while the overall halo structure remains fixed. Photon correlation 
spectroscopy analyses the rate of flicker to deduce the motion of the scattering 
molecules. 
The fluctuating electric field that is incident on the photomultiplier tube is studied by 
a correlation function. The scatter intensity at two times is separated by an interval 't. 
If't is short compared to the time scale of diffusion the two intensities will correlate to 
an extent dependent on diffusion. The correlation of these intensities has an 
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exponential form and its time constant is related to a diffusion coefficient. The 
diffusion coefficient D for a dilute solution is given by the Stokes-Einstein equation: 
(5.4) 
where a is the particle radius and Tt is the solvent viscosity. 
5.2.3 Zeta Potential 
A charged surface tends to gather ions of opposite charge (counterion) close to it. Ions 
very close to the particle remain near the charged surface and are carried along with a 
moving particle. The distribution in this region may be dominated by effects related to 
the shape and size of the particle and solution groups. Ions further away are replaced 
as the particle moves and distribution is controlled largely by electrostatic effects. A 
double layer theory, has been used to explain the ion distribution around the particle. 
The so called inner and diffuse region are characterised by different ionic behaviour. 
The main effect of these ionic interactions is to shield the surface charge of the 
particle. An increase in ionic strength of the medium causes the formation of a more 
compact diffuse region due to the stronger interionic attraction. Figure 5.1 shows the 
surface potential as a function of distance from the surface. 
In both cases the potential rises to a maximum at the so called Inner Helmholtz Plane 
and then relaxes to the surface potential itself. In case B the surface potential is 
actually of the opposite sign to the perceived potential, due to the adsorbed ions 
performing a charge reversal. At a distance termed the shear plane, ions are no longer 
dragged along with a moving particle, but remain in the bulk of the liquid. The 
potential at the shear plane is defined as the zeta potential. The zeta potential is often 
most important in governing charge mediated particle interactions, and hence the 
behaviour of a suspension. 
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Zeta potential can be determined using the technique of microelectrophoresis. The 
parameter determined experimentally is the electrophoretic mobility of the particle 
which is defined as: 
u=v/ X (5.5) 
where u is the electrophoretic mobility, v is the particle velocity X is the applied 
electrostatic field. 
'Smoluchowski (1914) related the electrophoretic mobility to the zeta potential for the 
case of a thin double layer, i. e. ka »1 where a = particle radius and k" is the 
effective double layer thickness. The double layer thickness depends on background 
electrolyte concentration, c. Typical values for a I : I electrolyte are given in Table 8. 
Table 8: 
Variation of double layer thickness with changing electrolyte concentration 
c [mol/dm' ) k-' [nm) 
IO~ 100 
IO-J 10 
10-=r 1 
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Therefore the Smoluchowski equation only applies to larger particles (> I )lm) and for 
lower electrolyte concentrations. 
(5.6) 
Where Eo is the permittivity of free space (= 8.85 X 10-12 JIC2m-l, Er is the relative 
permittivity of the medium (= 7.86 for water at 298 K) and T] is the viscosity of the 
medium (= 8.93 x 10-4 N Pa s for H20 at 298 K) 
Henry (1931) derived the following relationship between zeta potential and 
electrophoretic mobility, assuming that the double layer structure is unaffected by the 
applied electric field. The assumption is valid for low I; values. 
(5.7) 
the zeta potential for aqueous media is therefore given by, 
I; = 19.3 X 108 x u 
f(ka) (5.8) 
f(ka) is a monotonically varying function shown in Figure 5.2. 
The distortion of the double layer by the electric field is neglected by the Henry 
analysis. This relaxation effect has been considered in greater detail by O'Brien and 
White (1978) for charged, insulating particles in KCI solution. 
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Figure S.2: The Henry function, f(ka) 
In a Zeta Master Analyser the particle velocity is measured using a light scattering 
technique. Light scattered from a moving particle undergoes a frequency shift. The 
frequency of light is very high (10-14 Hz), therefor the change is measured using an 
optical mixing or interferometric technique. The Zetamaster uses a pair of mutually 
coherent laser beams derived from a single source and following a similar path length. 
The beams are arranged to cross and the scattered light from the crossover region is 
detected by a detector looking along one of the beams. This arrangement is referred to 
as heterodyne measurement. 
The velocities are derived from a set of interference fringes, which are produced in the 
crossover region. As a particle passes to the fringes the spacing of the fringes will give 
rise to a certain frequency component in the scattered light. 
The frequency of a particle travelling at velocity v is vs. The parameter measured in 
this analysis is the autocorrelation function of the scattered light. For a single velocity 
this has the form of a cosine function with a frequency of vs. A spread of 
electrophoretic mobilities will result in a spread of velocities and the cosine wave is 
damped. The cosine wave is also superimposed on the uncorrelated part of the signal. 
The signal is processed by taking the F ourier transform of the varying parts of the 
autocorrelation function and the resulting frequency spectrunn is translated to 
electrophoretic mobilities. 
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5.3 filtration trials 
5.3.1 Filtration equipment 
A computer controlled crossflow rig was used to perform the UF runs. A schematic 
diagram of the experimental set-up is shown in Figure 5.3. 
heat exchanger 
circuit 
filtrate 
pressure control 
etentate 
feed 
solution 
filtration cell 
bypass 
flow control 
Computer Control 
System 
Signals from pressure 
transducers (PT) and 
flowmeter (FM) are used to 
adjust the position of two 
control valves and hence 
maintain the desired operating 
conditions. 
Figure 5.3: Schematic ofthe experimental set-up for crossflow filtration runs. 
In this flow circuit the pre-defined operating conditions are maintained by two 
electrically operated proportional control valves. A computer control system uses 
signals from flowrneters and pressure transducers, which monitor the conditions at 
various points in the flow loop, to adjust the stem position of the control valves 
appropriately. The operating temperature was maintained at 30 ± 1°C by using a 
secondary cooling flow circuit through a plate and frame heat exchanger. The flow of 
cooling liquid in this circuit was regulated by a simple on/off control. 
20 litres of double distilled water and the desired amount of lecithin and copper 
chloride were added to the feed tank and circulated for 5 min or until the operating 
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temperature of 30°C was reached. The flow was then directed through the filter cell 
which contains a 60 mm x 40 mm membrane above which is a 3 mm flow channel. 
The process solution flows tangentially across to the membrane surface. The 
membrane was rinsed with double distilled water before the experiment to remove the 
protective glycerol layer and a new membrane was used for each experiment. 
Process parameters such as crossflow velocity, transmembrane pressure, lecithin 
concentration and copper concentration were changed independently and the effect on 
flux decay, steady state flux, copper rejection and lecithin rejection was observed. 
The range over which the effect of these process parameters was investigated is given 
in Table 9. 
Table 9 
Range of process parameters investigated 
Process Parameter Range 
Crossflow Velocity 1-3.5 m1s 
Transmembrane Pressure 20, 25,30, 35 psi 
1.4,1.7,2.1,2.5 bar 
Copper Concentration 0,25,50 mg/I 
Lecithin Concentration 0-20 g/I 
Temperature 30 °C 
Permeate samples were taken after 1, 2, 3, and 5 hours, depending on the duration of 
the filtration experiment. Permeate flux was monitored throughout the experiment and 
the experiment was usually terminated when a steady state flux was reached. The 
minimum filtration time was 2 hours, so that at least 2 permeate samples were 
obtained for each experiment. 
The following properties were monitored for the feed solution at the beginning and 
the end of each experiment and for all permeate samples: 
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• Lecithin concentration 
• Copper concentration 
• pH 
• Conductivity 
5.3.2 Copper concentration determination 
Copper concentration was determined using atomic absorption spectrophotometry. 
This method uses the following physical properties of chemical elements. Every 
element has a specific number of electrons associated with its nucleus. The normal 
and most stable orbital configuration of an atom is known as the "ground state". If 
energy is applied to an atom, the energy will be absorbed and an outer electron will be 
promoted to a less stable configuration known as the "excited state". Since this state is 
unstable, the atom will immediately return to the "ground state", releasing light 
energy. The "ground state" atom absorbs light energy of a specific wavelength as it 
enters the "excited state". As the number of atoms in the light pass increases, the 
amount oflight absorbed also increases. By measuring the amount oflight absorbed, a 
quantitative determination of the amount of analyte can be made. The use of a special 
light source and careful selection of wavelengths allow the specific determination of 
individual elements (Perkins & Elmer 3030 Manual). 
5.3.3 Surfactant concentration determination 
The lecithin concentration was determined by relating it to the total carbon content. 
The total carbon content of the samples was measured using an lonics 1505 Carbon 
Analyser. 
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The surfactant concentration can be related to the total carbon content of a sample if 
no other carbon source is present. In a carbon analyser the organic material in the 
sample is converted to carbon dioxide by high temperature and a catalyst. The CO2 is 
then swept by a carrier gas to a non-dispersive infrared analyser where the 
concentration of CO2 is measured. The concentration of CO2 is proportional to the 
concentration of the carbon in the sample (lonics 1505 Carbon Analyser manual). 
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5.4 feed - membralIlle ilIllteractiolIll 
5.4.1 Transmission Electron Microscopy 
In the transmission electron microscope, an electron beam is passed through a thin 
specimen, and the transmitted image is magnified and focused on to a viewing screen. 
Figure 5.4 shows a diagram of a typical transmission electron microscope. 
The original specimen is magnified 20 - 30 times by the objective lens at the plane 
AA' (Fig. 5.4). Intermediate and projector lenses then magnifY this image further to 
give the final magnification. All the imaging lenses contribute to the final 
magnification. For practical purposes the magnification is varied by changing the 
intermediate and projector lens currents and the image focus is maintained by 
adjusting the focal length ofthe objective lens. 
Transition Electron Microscopes usually offer a choice of electron beam accelerating 
potential in the range of 20 -200 kV. An increase in accelerating potential is 
accompanied by: 
• increased specimen penetration 
• shorter electron wavelength 
• reduced image contrast 
• reduced specimen damage 
The choice of accelerating potential is dependent on each of these factors and the 
nature of the specimen. 
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Figure 5.4: Diagram of a typical Transmission Electron microscope 
5.4.2 Scanning Electron Microscopy 
In Scanning Electron Microscopy the surface of a sample is scanned by an electron 
probe. Electrons which are emitted from the sample surface are collected and used to 
construct an image. This image is then displayed on a cathode ray tube. 
The typical range of electron beam accelerating potential used in Scanning electron 
microscopy is 2 - 50 kV. The choice of beam voltage is dependent on the nature of the 
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5.4.3 Energy Dispersive Analysis by X-ray 
Electrons of appropriate energy colliding with a sample cause the emission of X-rays, 
whose energy and relative abundance is dependent upon the composition of the 
sample. Figure 5.6 shows a schematic of the x-ray emission process. 
-e 't=====I.~ X-ray 
Figure 5.6: X-ray emission process 
The process is based on electronic transition between inner atomic shells. An 
energetic electron from an electron column dislodges an electron from an inner or low 
energy shell (El) of a sample atom. An electron from a higher energy shell (E2) in the 
atom subsequently drops to fill the resulting vacancy. In dropping to a lower energy 
shell the electron releases some of its energy in the form of electromagnetic radiation. 
The energy of the emitted radiation is equal to the energy difference between the two 
electronic levels (E2 - El)' The energy difference for inner shells is fairly large and the 
radiation appears as X -rays. 
However there are many different energy levels within an atom and therefore many 
different electron vacancy filling possibilities. The sample of one element will emit X-
rays at many different energies but the pattern of X -rays is unique and characteristic 
for every element. 
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Figure 5.7 shows how X-ray emissions is converted into analysable data. 
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Figure 5.7: Energy dispersive analysis by x-ray 
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The emitted X-ray photon produces a charge pulse in a semiconductor detector. This 
current is then converted into a voltage pulse whose amplitude reflects the energy of 
the detected X-ray. Finally the voltage pulse is converted to a digital signal, which 
adds a single count to the appropriate channel of a multichannel analyser (MeA). 
Accumulative counts from a sample produce the final X-ray spectrum. 
5.4.4 X-ray Photoelectron Spectrophotometry 
Used membranes were analysed usmg a X-ray Photoelectron Spectrophotometry 
(XPS) technique. In this analytical method a sample is irradiated with monochromatic 
X-rays, normally aluminium or magnesium characteristic X-ray lines. The X-rays 
cause photoemission from the core levels of the atom present in the sample. 
Photoelectrons emerging from the sample surface are then collected and the energy is 
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analysed to give the photoelectron spectrum. Each element exposed to irradiation 
gives rise to characteristic peaks in the photoelectron spectrum because the kinetic 
energies of the photoelectron depends on the binding energy of electrons in the core 
levels. Elements in the sample can therefore be identified by measuring these 
energies. The quantity of each element present in the sample can be determined by 
measurement of the relative intensities of the photoelectron peaks. 
The inelastic mean free path of photoelectrons generated in a solid is typically 2-5 nm. 
Therefore only photoelectrons generated in the outermost atomic layer of the sample 
are likely to be detected with their initial kinetic energy intact, which means XPS is an 
analytical technique specific to the surface of a solid material. It allows quantitative 
analyses of a specific element down to an amount of 0.1 % of a monolayer. 
XPS can also be used to probe the chemistry of the surface. The binding energy of a 
core level is dependent on the charge of the nucleus and on the bonding between the 
atom and its neighbours. Chemical bonding causes a change in binding energy, often 
termed as the 'chemical shift'. The functional groups in a sample can be identified by 
measuring the chemical shifts and comparing them to published values for a wide 
variety of chemical compounds. 
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5.5 Materials 
Membrane 
The membrane used in the ultrafiltration experiments was a Koch HFP 707 flat sheet 
membrane with a 100000 MWCO. This anionic membrane is made from a polyvinyl 
fluoride polyether sulphonate co-polymer. A freeze fracture Scanning Electron 
Microscope (SEM) image is shown in Appendix I. 
Lecithin 
Practical grade soya bean lecithin was obtained in the form of yellow granules from 
Phase Separations Ltd, Deeside, UK. The manufacturer describes it as a crude natural 
product with 10 -20 % purity. The composition of a commercial lecithin used for 
MEUF purposes is shown in Table 7 (Ahmadi et al. 1994). 
Table 7: 
Approximate composition of Elmpur N-J 
(Supplier: Lucas Meyer Inc., Decatur, Illinois). 
Compound Percent Molecular 
Weight 
Phosphatidylcholin 22 758 
Phosphatidylethanolamine 23 716 
Phosphatidylinositol 20 834 
Phosphatidic acid 5 671 
Phytoglycolipids I3 
Phosphatidylserin 2 
Other phospholipids 12 
Formula 
C42HgoOgNP 
C39H7P gNP 
C43H7g013P 
C37H670gP 
Lecithins are naturally found in every animal and vegetable cell and are essential 
constituents of cell membranes. They swell up when mixed with water to give slimy 
emulsions or colloidal solutions. Their melting point is around 60°C. 
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Commercial Lecithin is a mixture of phosphatides and glycerides obtained in the 
manufacturing of soya bean oil. It gives a thick yellow emulsion in water, and is 
widely used in the food industry especially as an emulsifying agent. Due to its 
emulsifying properties, it is believed to act as an acceptable surfactant in the 
application of MEUF for the treatment of heavy metals. It is amphoteric, which means 
it can act either as a base or an acid. The general structure of Lecithin is shown below 
(Figure 5.8). The structure of lecithin can vary, but a molecular weight of around 750 
can be assumed. 
Lecithin is a phospholipid which contains both hydrophilic and hydrophobic moiety. 
The polar head group will have affinity for water, whereas the hydrocarbon tails will 
avoid water. This can be accomplished by forming a micelle, in which the polar head 
groups are on the surface and the hydrocarbon tails are sequestered inside. The 
approximate size of these structures is usually less then 200 A. The favoured structure 
for most phospholipids, which satisfies both hydrophilic and hydrophobic preferences 
is a bimolecular sheet. This structure which is also called a lipid bilayer can have 
macroscopic dimensions, such as 1 millimetre (107 A) (Stryer 1981). The formation of 
these bilayers is a rapid and spontaneous process in water. Hydrophobic interactions 
are the major driving force for the formation of lipid bilayers. Water molecules are 
released from the hydrocarbon tails as they become sequestered in the non-polar 
interior of the bilayer. This release of water results in a large entropy increase. Other 
reinforcing interactions of the bilayers are van der Waals attractive forces between the 
hydrocarbon tails and electrostatic and hydrogen bonding interactions between the 
polar head groups and water molecules. These energetic factors have three significant 
consequences: 1) lipid bilayers have an inherent tendency to be extensive, 2) lipid 
bilayers will tend to close on themselves so that there are no ends with exposed 
hydrocarbon chains, which results in the formation of a compartment (lipid vesicle), 
3) lipid bilayers are self-sealing because a hole in the bilayer is energetically 
unfavourable (Stryer 1981). 
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Figure 5.8: General structure of a phosphatidyl choline (lecithin), (Alberts 1994) 
Metal ions 
Copper (ll) chloride, 97 % purity III powder form, was obtained from Aldrich 
(Gillingham, UK). A 10 g/I of copper stock solution was prepared and appropriate 
amounts were added in each experiment. 
Double distilled water was used to prepare all solutions. 
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6. Results and Discussion 
6.1 feed solutiollll properties. 
6.1.1 Overview 
Several feed solution properties such as critical micelle concentration, micelle size, 
zeta potential and micelle shape were determined. The effect of changing lecithin 
concentration and metal ion concentration on these. properties was investigated. 
Analytical methods used for this purpose were surface tension measurements, 
electrophoresis and photon correlation spectroscopy using a Malvern Zeta Sizer and 
scanning electron microscopy. The results were used to investigate any effects of feed 
solution properties on permeate flux levels and component rejection. 
6.1.2 Critical aggregation concentration 
The critical aggregation concentration of Lecithin was determined using surface 
tension measurements. Figure 6.1 shows how the surface tension of a lecithin solution 
changes with increasing lecithin concentration. The critical aggregation concentration 
is found from the break in the graph. 
99 
Results and Discussion Feed solution properties 
70r-----~--------------------__, 
-65 
E 
Z 60 
E 
-; 55 
o 
'i?! 50 
., 
t- 45 
~ 
~ 40 
:::> 
Cl) 35 
30+--+-+~~4-~~~~~--+-~~~ 
0.1 1 10 100 
Lecithin Concentration [g/l] 
Figure 6.1: Effect oflecithin concentration on surface tension 
The effect of metal ions on the critical aggregation concentration was investigated by 
adding Copper and Cadmium concentrations of 25, 50 and 100 ppm. The main results 
are shown in Table 9 and a summary of all the results and there graphical presentation 
is given in Appendix 2. 
Table 9: 
Effect of metal ion concentration on CMC 
Metal ion concentration [ppm) 0 
CMC with Cu [gll) 
CMC with Cd [gll) 
10 
8 
lO 25 50 100 
8 5 3 
7 6.5 4 
The cadmium results were obtained by final year students of the Loughborough 
University Chemical Engineering Department (Dooley and Maini 1996). The 
difference in aggregation concentration at zero metal ion concentration can be put 
down to experimental error. The critical aggregation concentration of lecithin was 
found to be around lO gll. Table 9 shows that the CMC decreases with increasing 
metal ion concentration. 
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6.1.3 Zeta potential 
Zeta potential measurements of lecithin in its natural pH range of 6.5-7.5 for the given 
concentration range showed a highly negative charge (-74 mY). This indicates that 
lecithin, an amphoteric surfactant, is dominantly anionic in this pH range. Lecithin 
molecules and aggregates therefore have a strong attraction to metal ions. Figure 6.2 
shows the effect of metal ion concentration on the zeta potential of lecithin. 
The binding of metal ions reduces the zeta potential of the aggregates approaching the 
iso-electric point asymptotically. The levelling-off in the metal ion concentration -
zeta potential curve is caused by increasing competition between the free metal ions 
for the remaining binding sites on the aggregate and a reduced attraction of the 
aggregate to the metal ions due to the reduced surface charge. The binding of metal 
ions reduces the head group repulsion of surfactant monomers which facilitates 
aggregate formation. This explains the reduction of the critical aggregate 
concentration with increasing metal ion concentration. 
101 
Results and Discussion Feed solution properties 
-20 
-30 
5' ..... 
Eo -40 • .... 
ro 
'"" 
.... 
c:
-50 ~ Q) -0 a. -60 ro Cd -Q) 
N 
-70 
-80 
0 0.2 0.4 0.6 0.8 
Metal Ion Concentration [mmol] 
Figure 6.2: Effect of metal ion concentration on zeta potential oflecithin 
aggregates, pH range 5-7. 
6.1.4 Lecithin aggregate size 
A Malvern Zeta sizer was used to determine the particle size of a 0.5 g/I lecithin 
solution. The mean particle size was found to be around 0.43 !lm, which indicates the 
onset of aggregate formation in a lecithin system is well below the critical aggregate 
concentration (lOg/I) determined by surface tension measurements. The large particle 
size also indicates that lecithin does not exist as true micelles in this system. Micelles 
are very small structures with an approximate diameter of 2 molecules, usually less 
then 200 A. The Literature (Alberts 1994, Stryer 1981) suggests spherical vesicles (up 
to 1 !lm) and extensive lipid bilayers (up to 1 mm). Aggregates of lecithin molecules 
and impurities present in the lecithin powder are also possible. 
The lecithin used has a purity of 20 %. To ensure that the particles measured are 
actually lecithin aggregates and not impurities present in the lecithin powder, lecithin 
solutions at various concentrations were analysed after centrifugation. It was found 
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that lecithin aggregates are not removed at the centrifugation speed used (15 000 rpm) 
probably due to their high surface charge. Pollutants however are removed and 
therefore this method allows a size analysis at higher surfactant concentrations (See 
section 6.1.4.1). 
The results for the mean particle size of lecithin solutions at different concentrations 
after centrifugation are shown in Table 10. 
Table 10: 
Mean particle size at various lecithin concentrations 
Lecithin concentration [gill 2 6 8 10 
Mean particle size [!lm 1 0.299 0.317 0.326 0.272 
These results indicate that there is some fonn of aggregate fonnation before the 
critical aggregate concentration, detennined by surface tension measurements. The 
size also seems to be largely independent of the lecithin concentration over the 
concentration range investigated. 
The size of the aggregates is also affected by metal ion concentration. Small amounts 
of metal ions cause a sharp increase in mean aggregate size. As the metal ion 
concentration is increased the mean aggregate size decreases and tends to asymptote 
to about 0.5 !lm (Fig. 6.3). Size distributions are shown in Appendix 8. 
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Figure 6.3: Effect of metal ion concentration on aggregate size (lecithin 
concentration O.5g1l, pH range: 4.6-7. 
The initial increase is probably caused by the same reason that decreases the critical 
aggregate concentration. Metal ions bind to surfactant monomers and reduce the head 
group repulsion which facilitates aggregation and allows larger structures to form. The 
subsequent size reduction could be caused by a break up or a shape change of the 
lecithin aggregates. A reason for this shape change could be a pH reduction at 
increased metal ion concentration. This theory is supported by visualisation of lecithin 
aggregates using a scanning electron microscopy (Section 6.1.5). 
6.1.4.1 Centrifugation 
Figure 6.4 shows that the removal efficiency of a centrifuge running at 15000 rpm for 
copper ions is usually below 20 % even though carbon is removed with an efficiency 
of up to 90 %. 
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Figure 6.4: Effect oflecithin concentration on removal efficiencies 
Metal ion removal efficiency is highest at low surfactant concentration. At low 
surfactant concentration the surfactant to metal ion ratio is also low. The magnitude of 
the negative surface charge is low at low surfactant to metal ion ratio. As the lecithin 
concentration is increased the surfactant to metal ion ratio is increased and the 
magnitude of the surface charge increases. This causes a decrease in removal 
efficiency due to increased electrostatic repulsion. Figure 6.5 shows how the carbon 
removal efficiency changes with changing Copper ion concentration. 
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Figure 6.5: Effect of copper concentration on carbon removal efficiency 
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It can be seen that carbon removal efficiency increases with increasing metal ion 
concentration. An increase in metal ion concentration reduces the surfactant to metal 
ion ratio, which again decreases the magnitude of the aggregate surface charge. 
These results indicate that the high negative surface charge of lecithin aggregates and 
the resulting repulsion to each other hinders the deposition during centrifugation. 
Metal ions are attracted by the opposing charge and bind to the lecithin aggregates. 
This reduces the magnitude of the surface charge and facilitates removal by 
centrifugation and hence increases removal efficiency. The lower the surfactant to 
metal ion ratio the more pronounced this effect. 
6.1.5 Aggregate shape 
The lecithin aggregate shape was visualised using scanning electron microscopy of 
freeze fractured lecithin solution droplets. Glycerol (I mill) was added to the solutions 
before freezing in liquid nitrogen to avoid ice crystal formation and the subsequent 
distortion of the aggregate shape. The droplets were fractured inside the SEM. 
Various amounts of metal ions were added to investigate the effect of metal ion 
concentration and the coinciding change in pH on lecithin aggregate size and shape. 
This is obviously a.very intrusive method and the micrographs are not necessarily a 
true presentation of the lecithin aggregates. However the method can be used to 
demonstrate metal ion effects on the lecithin aggregates. 
Figure 6.6 shows the fracture area of a solution containing 10 gll of lecithin at pH 
7.28 glL In this case, when no metal ions are present, the surfactant seems to exist 
mainly in small spherical shapes. However several larger vesicle type structures can 
also be visualised. 
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Figure 6.6: Freeze fracture micrograph oflecithin solution containing 10 gII 
lecithin, pH 7.28 
Figure 6.7 is a micrograph of a solution containing 10 glllecithin and 10 mg of copper 
at pH 6.93. Vesicles and spheres are still the dominant shapes at these concentrations. 
However the addition of 10 mg of copper seems to have increased the size of both 
structures. 
The addition of 50 mg/l copper to a solution containing 10 gll lecithin caused the 
formation of large lamellar like structures in some regions of the fracture area (Figure 
6.8). The amount of surfactant in aggregate form seems to be very much increased. A 
possible explanation for this occurrence is that metal ions bind to lecithin molecules 
and hence reduce the charge related head group repulsion between individual lecithin 
molecules. This facilitates the aggregation of surfactant molecules. 
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Figure 6.7: Freeze fracture micrograph of lecithin solution containing 10 g/I 
lecithin and 10 mg/l copper at pH 6.93 
Figure 6.8: Freeze fracture micrograph of lecithin solution containing 50 g/I 
lecithin and 50 mg/l copper at pH 5.71 
In other regions of the same freeze fracture it can be seen that round and vesicle type 
structures are still present (Figure 6.9). 
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Figure 6.9: Freeze fracture micrograph of lecithin solution containing 10 gIl 
lecithin and SO mgll copper at pH 5.71 
Figure 6-10, 6-11 and 6-12 show different regions of a freeze fractured solution 
containing 10 g/l lecithin and 100 mg/l copper at a pH 4,94, Figures 6-10 and 6,11 
show regions where the surfactant exists in a similar lamella like fonn to the one seen 
at a concentration of 50 mg/l copper (Figure 6,8). However, when comparing Figure 
6.8 and 6-10 it can be seen that the surfactant sheets at higher metal ion concentration 
(100 mg/l) are much closer together then at the lower metal ion concentration (50 
mg/l), Again this can be explained by the fact that an increased number of metal ions 
reduces the negative charge of the surfactant aggregates and hence reduces the 
electrostatic repulsion between the lipid bilayers sheets. 
109 
Results and Discussion Feed solution properties 
Figure 6.10: Freeze fracture micrograph of lecithin solution· containing 10 g/I 
lecithin and 100 mg/l copper at pH 4.94. 
Figure 6.11: Freeze fracture micrograph of lecithin solution containing 10 g/I 
lecithin and 100 mg/l copper at pH 4.94 
Figure 6.12 shows that spherical and vesicle type structures are also present at metal 
ion concentrations as high as 100 mg/1. 
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Figure 6.12: Freeze fracture micrograph of lecithin solution containing 10 gIl 
lecithin and 100 mgll copper at pH 4.94 
These results show that the surfactant aggregate shape is not only dependent on 
surfactant concentration (Porter 1991, Eastman 1998) but also on metal ion 
concentrations present in solution. Size, shape and arrangement of the lecithin 
aggregates change with increasing metal ion concentration over the concentration 
range investigated. 
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6.2 !Filtration trials 
6.2.1 Overview 
Filtration trials were carried out at a wide range of feed and operating conditions. The 
effects of varying surfactant to metal ion ratio, filtration pressure and crossflow 
velocity on permeate flux, and rejection levels was investigated. Feed and permeate 
samples were analysed for pH, conductivity, metal ion concentration and carbon 
content. Permeate flux values were monitored throughout the five hour filtration runs. 
Proper mixing of the feed solution was ensured using conductivity measurements. The 
results are shown in Appendix 3. These results could also be used as a control, to 
ensure the desired concentrations in the filtration trials. 
A summary of the filtration results are given in Tables 11-17 and detailed results for 
all experiments are given in Appendix 4. Operating conditions for these filtration 
trials were a filtration pressure of 1.7 bar, a crossflow velocity of 1.64 mls and a 
filtration temperature of 30°C. 
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Table 11 
Filtration results for lecithin solution (no added metal ions) 
Feed Concentrations Permeate Rejection Steady 
Concentrations [%) State Flux 
[lh-1m-2) 
Lecithin Carbon Metal Carbon Metal Carbon Metal 
[gII) [ppm) Ion [ppm) Ion Ion 
[ppm) [ppm) 
0.01 7 lA 80 425 
0.1 60 4 93 425 
0_5 288 13 95 350 
2 1080 70 94 250 
4 2190 132 94 200 
5 2597 154 94 187 
6 3305 211 94 165 
8 4857 259 94 140 
10 5377 286 94 125 
15 7839 434 95 105 
20 9577 530 94 90 
Table 12 
Filtration results for lecithin solution (10 ppm Cu 2+) 
Feed Concentrations Permeate Rejection Steady 
Concentrations [%) State Flux 
[lh-1m-2) 
Lecithin Carbon Metal Carbon Metal Carbon Metal 
[gII) [ppm) Ion [ppm) Ion Ion 
[ppm) [ppm) 
0 0 8 0 5_6 30 525 
05 251 8 15 I 94 88 150 
2 1062 8_9 56 05 95 94 182 
4 2450 10 130 0_8 95 92 130 
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Table 13 
Filtration results for lecithin solution (25 ppm Cu 2+) 
Feed Concentrations Permeate Rejection Steady 
Concentrations [%) State Flux 
[lh-1m-2) 
Lecithin Carbon Metal Carbon Metal Carbon Metal 
[gII) [ppm) Ion [ppm) Ion Ion 
[ppm) [ppm) 
0.5 250 21 17 12 93 43 100 
1 609 23 44 5 93 78 105 
2 1206 29 76 7 94 75 120 
4 2381 22 148 3 94 86 118 
6 3206 25 193 3 94 88 105 
8 4378 24 243 3 94 88 110 
10 5466 28 238 2.4 96 92 80 
Table 14 
Filtration results for lecithin solution (50 ppm Cu 2+) 
Feed Concentrations Permeate Rejection Steady 
Concentrations [%) State Flux 
[lh-1m-2) 
Lecithin Carbon Metal Carbon Metal Carbon Metal 
[gll) [ppm) Ion [ppm) Ion Ion 
[ppm) [ppm) 
0 0 43 0 41 5 85 
0.5 226 48 29 37 23 50 
2 1119 48 71 24 93 50 72 
4 2045 50 138 15 93 70 85 
5 2688 50 169 16 94 68 105 
6 3320 45 212 10 93 77 122 
8 4323 50 213 12 94 76 120 
15 7235 44 400 9 95 80 90 
20 9577 50 556 12 94 76 77.5 
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The steady state flux at 0 gll lecithin (Table 14) indicates an experimental error. 
Solutions containing only metal ions have steady state fluxes very similar to the clean 
water flux (500 Ih-1m·2) in all the other experiments. 
Table 15 
Filtration results for lecithin solution (10 ppm Cd2+) 
Feed Concentrations Permeate Rejection Steady 
Concentrations [%) State Flux 
[lh·1m-2) 
Lecithin Carbon Metal Carbon Metal Carbon Metal 
[gII) [ppm) Ion [ppm) Ion Ion 
[ppm) [ppm) 
0 0 8.22 0 6.02 27 400 
0.1 19 8.16 4.45 3.79 97.7 53.6 180 
0.5 289 7.23 15 0.39 94.7 94.6 190 
I 505 8.12 22 0.02 95.6 99.7 193 
2 1276 8.4 57 0 95.5 100 190 
Table 16 
Filtration results for lecithin solution (25 ppm Cd2+) 
Feed Concentrations Permeate Rejection Steady 
Concentrations [%) State Flux 
[lh-1m-2) 
Lecithin Carbon Metal Carbon Metal Carbon Metal 
[gII) [ppm) Ion [ppm) Ion Ion 
[pp m) [ppm) 
0 20.88 18.3 12 350 
0.1 48 22.02 13.42 39 90 
0.5 241 20.51 5.05 4.88 97.9 76 85 
I 541 21.84 25.5 3.1 95 85.6 100 
2 1111 21.44 63.7 0.3 94.4 98.8 140 
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Table 17 
Filtration results for lecithin solution (50 ppm Cd2+) 
Feed Concentrations Permeate Rejection Steady 
Concentrations [%) State Flux 
[lh-1m-2) 
Lecithin Carbon Metal Carbon Metal Carbon Metal 
[gII) [ppm) Ion [ppm) Ion Ion 
[ppm) [ppm) 
0 0 44 37.8 14 400 
0.5 231 46.6 31.1 33 50 
2 1133 43.4 63 11.8 94.4 72.9 80 
4 2031 41 122 3.16 94 92.3 110 
6 2842 39 180 0.54 93.7 98.6 115 
6.2.2 Flux results 
Figures 6.13, 6.14 and 6.15 show the effect of lecithin concentration on steady state 
flux at various metal ion concentrations. Steady state flux decreases with increasing 
lecithin concentration when no metal ions are added. A plot of lecithin concentration 
versus steady state flux shows the typical exponential decay curve (Figure 6.14). A 
gel concentration of 60 gr1 was determined by fitting a straight line through the linear 
part of a steady state flux versus log lecithin concentration curve (Figure 6.13). 
Filtration experiments with solutions containing only metal ions show that there is no 
significant effect on the steady state flux. However small concentrations of lecithin in 
the presence of metal ions cause a significant flux decrease. The higher the metal ion 
concentration the larger the flux decrease. As the lecithin concentration is raised the 
steady state flux increases. At high lecithin concentration, or better at high surfactant 
to metal ion ratios, the metal ion effect is reduced and the curves of lecithin 
concentration versus steady state flux with or without a metal ion are almost identical. 
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cadmium concentrations. 
There are two effects which can be used to explain this behaviour. 
1. Free metal ions are attracted by the negative charge of the membrane. They 
deposit on the membrane surface and in the membrane pore structure causing a 
reduction in the net charge of the membrane. This reduces the repulsion between 
the surfactant molecules or aggregates and the membrane and facilitates 
deposition of the surfactant on the membrane and in the membrane pores. This 
explains the dramatic flux decrease at low surfactant concentrations. As the 
surfactant concentration is increased more metal ions are bound to surfactant 
aggregates and are kept in the bulk of the liquid away from the membrane, which 
explains the flux increase with increasing surfactant concentration. The first effect 
can be supported by examination of fouled membranes using Electron Dispersive 
Analysis by X-ray (EDAX). This reveals a high metal ion deposition on the used 
membranes at low surfactant concentration. As the surfactant concentration is 
increased the metal ion peak revealed by EDAX is reduced, indicating a reduced 
metal ion deposition. At high surfactant concentration no metal ions could be 
detected on the membrane. 
2. The second effect is the charge reduction of the aggregates when metal ions are 
added, which was demonstrated by zeta potential measurements (Figure 6.2). 
Charge reduction also reduces the repulsion between surfactant monomers and 
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aggregates allowing the formation of a much more compact fouling (gel) layer. As 
the lecithin concentration is increased the surfactant to metal ion ratio increases, 
which increases the magnitude of the negative aggregate charge. Hence repulsion 
between the lecithin aggregates and monomers increases which leads to the 
formation of more open fouling (gel) layers. This causes a flux increase with 
increasing lecithin concentration when metal ions are present. Metal ions do not 
have a significant effect on surfactant aggregate surface charge at high surfactant 
to metal ion ratio (Figure 6.2), therefore metal ions do not have a significant effect 
on the steady state flux-lecithin concentration relationship at high surfactant to 
metal ion ratios. 
The shape of the lecithin concentration-steady state flux relationship IS probably 
determined by a combination of these two effects. 
6.2.3 Rejection results 
Lecithin rejection levels reach a maximum of about 95% at a concentration of 0.5 gr', 
which is well below the critical aggregate concentration of 10 gr' . 
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Figure 6.16: Effect of lecithin concentration on carbon rejection 
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The reason for this is that there is a velocity profile in the filtration cell where the 
velocity goes towards zero at the membrane surface. This causes an accumulation of 
surfactant molecules in the vicinity of the membrane, exceeding the surfactant 
concentration in the bulk of the liquid. A mechanism referred to as concentration 
polarisation. The CMC is therefore reached near to the membrane surface, even 
though the concentrations in the bulk may be below the CMC. 
Metal ion rejection Increases asymptotically towards a maximum value with 
increasing lecithin concentration (Figs. 6.17 and 6.18). A certain number of surfactant 
molecules are required to bind a certain number of metal ions, and therefore 
maximum rejection should be achieved at similar surfactant/metal ion ratios. A 
sample calculation of how the SIM ratio was obtained is given in Appendix 4. Figure 
6.17 shows that a higher surfactant to metal ion ratio was required to achieve the same 
level of rejection as the cadmium concentration was increased. 
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Figure 6.17: Effect of surfactant to metal ion ratio on cadmium rejection. 
In experiments with copper ions at higher molar concentrations the effect is more 
pronounced. In this case the maximum rejection level is reduced with increasing metal 
ion concentration. Rejection levels dropped from 95 % to 80 % when the copper 
concentration was increased from 0.16 to 0.8 mmol. 
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Figure 6.18: Effect of surfactant to metal ion ratio on copper rejection. 
An increased metal ion concentration causes a pH decrease. The pH of a 2 gr l lecithin 
solution is reduced from 7 to 4.6 when 50 mgrl (i.e. 0.8 mmol) of Cu2+ is added 
(Figure 6.19). 
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Figure 6.19: Effect of metal ion concentration on pH of feed solution 
Changes in pH can cause a change in the aggregate shape (Section 6.1.5). Other 
authors (Keskinler et al. 1997) have demonstrated a change in surfactant phase 
behaviour in the presence of electrolyts. The required increase in surfactant/metal ion 
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ratio to achieve the same rejection levels and the drop in maximum rejection level 
could be caused by a shape change of the lecithin aggregates which reduces the 
number of binding sites for metal ions. In the lecithin system it has been shown that 
the presence of metal ions induces the formation of lecithin bilayer clusters. The 
surface of the lecithin sheets in the centre of these clusters is not exposed to the bulk 
of the solution. and the available surface area for metal ion binding is therefor 
reduced. 
6.2.4 Effects of operating conditions 
A senes of experiments was carried out to investigate the effects of operating 
conditions on steady state flux and metal ion rejection. The operating conditions 
investigated were the filtration pressure and crossflow velocity. A feed solution 
containing 2 g/I of lecithin and 25 mgfl of copper was used in all experiments. 
Detailed results of these filtration trials are given in Appendix 5. 
6.2.4.1 Effects on steady state flux 
Figure 6.20 shows the effects of crossflow velocity on steady state flux at various 
transmembrane pressures. The flux values approach a maximum value asymptotically 
with increasing crossflow velocity. A drop in steady state flux can be observed at a 
crossflow velocity of around 1.6 mls. At constant crossflow velocity the flux values 
increase with increasing pressure up to a critical value of 1.72 bar. An increase 
beyond this critical value causes a flux reduction. 
The increase in permeate flux with increase in crossflow velocity is caused by a 
reduction in thickness of the surfactant deposit on the membrane surface. At a 
crossflow velocity of about I. 9 mls the effects of surfactant deposition on the 
membrane surface are negligible. Flux levels are mainly controlled by membrane 
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fouling, the deposition of surfactant in the membrane pores. A further increase in 
crossflow velocity has no effect on the steady state flux. 
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Figure 6.20: Effect of operating conditions on steady state flux 
The discontinuity in the crossflow velocity flux relationship at 1.6 m/s can probably 
be explained by experimental error. 
The driving force for this ultrafiltration process is the transmembrane pressure. An 
increase in filtration pressure up to 25 psi causes a permeate flux increase. A further 
flux increase to 30 psi causes a flux reduction. This reduction is probably caused by 
compaction of surfactant deposit on the membrane and in the membrane pores 
increasing the filtration resistance to an extend outweighing the benefit derived from 
the driving force increase. 
6.2.4.2 Effects on metal ion rejection 
Figure 6.21 shows the effect of crossflow velocity on metal ion rejection at various 
transmembrane pressures. The relationship shows exponential decay characteristics. 
High rejection levels of 85 to 90 % are achieved at a low crossflow velocity of 1 m/s. 
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As the crossflow velocity is increased rejection levels are reduced. Crossflow velocity 
doesn't seem to have a significant effect on metal ion rejection at values higher then 
1.6 mls. 
In general rejection seems to be independent of filtration pressure under the given 
conditions. 
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Figure 6.21: Effect of operating conditions on metal ion rejection 
Low crossflow velocities allow the formation of a surfactant layer on the membrane 
surface. This surfactant layer traps metal ions and hinders their passage, hence the 
high rejection levels in this range. As the crossflow velocity is increased the thickness 
of this surfactant layer is apparently reduced and the effectiveness of this secondary 
membrane to retain metal ions is reduced. Therefore the rejection levels decrease with 
increasing crossflow velocity. At high crossflow velocities there is no significant 
surfactant deposit on the membrane surface and flux levels and rejection levels are 
mainly controlled by surfactant deposition in the membrane pores. Metal ion rejection 
in this range is largely independent of crossflow velocity. 
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6'3 Membrane feed interaction 
6.3.1 Overview 
Used membranes were analysed using Scanning Electron Microscopy (SEM), Energy 
Dispersive Analysis by X-ray (EDAX) and X-ray Photoelectron Spectrophotometry 
(XPS). SEM was used to visualise any deposits on the membrane surface. EDAX and 
XPS were used to identify the composition of the deposits on the membrane and in the 
membrane pores. 
6.3.2 EDAX 
Membranes after filtration of feed solutions containing different surfactant to metal 
ion ratios were analysed for the presence of feed components using energy dispersive 
analysis by X-ray. Figures 6.22 to 6.24 show the results for filtration experiments in 
which the metal ion concentration was kept constant (25 mg/l) and the lecithin 
concentration was increased (0.5, 2 and 6 g/l). Operating and feed conditions are 
summarised in Table 18. 
Table 18: 
Conditions for filtration trials used for EDAX analysis 
Feed Concentrations Operating conditions 
Lecithin Copper CFV Pressure Temperature 
(gIl) (mgll) (mls) (bar) (cC) 
0.5 25 1.64 1.72 30 
2 25 1.64 1.72 30 
6 25 1.64 1.72 30 
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At low lecithin concentration (O.S g/l) there is high proportion of free metal ions that 
are attracted by the opposite charge of the membrane and deposit on the membrane 
surface and in the membrane pore structure. A clear copper peak can be seen on the x-
ray spectrum of a membrane used at these feed conditions (Figure 6.22). The binding 
of metal ions to the membrane reduces the magnitude of the negative surface charge 
of the membrane. This reduces the repulsion between the also negatively charged 
surfactant molecules and the membrane and facilitates the deposition of surfactant 
molecules and small aggregates on the membrane surface and more importantly in the 
membrane pore structure. This partially explains the low flux levels obtained at low 
surfactant to metal ion ratios. The zinc peak in the spectrum stems from the tape that 
was used to fix the membrane sample in the EDAX chamber. Membrane samples 
were first examined by Scanning Electron Microscopy and a gold coating was applied 
for this purpose. The unlabeled peaks at the beginning and at the end of the shown 
spectra are gold peaks resulting from the coating process. 
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Figure 6.22: X-ray spectrum of a membrane after filtration of a solution 
containing 25 mgll Cu2+ and 0.5 gIllecithin 
As the lecithin concentration is increased, the size of the copper peak in the X -ray 
spectrum is clearly reduced (Figure 6.23). 
As the lecithin concentration IS increased the surfactant to melal ion ratio also 
increases and a higher proportion of metal ions is bound to lecithin aggregates and 
hence kept in the bulk of the liquid away from the membrane. This explains the 
permeate flux increase at increasing surfactant to metal ion ratio in the lower 
surfactant concentration range (Figures 6.14 and 6.15). 
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Figure 6.23: X-ray spectrum of a membrane after filtration of a solution 
containing 25 mgll Cu2+ and 2 g11lecithin 
At high surfactant concentrations (6 g/I), there IS no copper peak on the X-ray 
spectrum (Figure 6.24). 
At high surfactant to metal ion ratios most metal ions are bound to surfactant 
aggregates and are hence kept in the bulk of the liquid away from the membrane and 
the levels of copper bound to the membrane drop below the detection limits of energy 
dispersive analyses by X-ray. 
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Figure 6.24: X-ray spectrum of a membrane after filtration of a solution 
containing 25 mgll Cu2+ and 6 g11lecithin 
The effect of free metal ions binding to the membrane and reducing the membrane 
charge is accompanied by a lecithin aggregate surface charge decrease (magnitude 
increase) at increased surfactant to metal ion ratios. As the surfactant to metal ion 
ratio decreases the magnitude of the aggregate surface charge decreases (Figure 6.2). 
This decrease in surface charge facilitates the deposition of lecithin metal ion 
complexes on the membrane and allows the formation of a much more compact 
surfactant layer on the membrane and more importantly in the membrane pore 
structure. 
6.3.3 Scanning electron microscopy 
The membrane surfaces were analysed after the filtration trials using scanmng 
electron microscopy. Figures 6.25 -6.27 show membrane surfaces after filtration of 
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surfactant solutions. This visualisation method was used to investigate the effects of 
membrane charge (anionic and non-ionic), type of surfactant (lecithin and sodium 
dodecyl sulphate) and operating conditions on feed component deposition on the 
membrane surface. Table 19 summarises the conditions used in these filtration trials. 
Table 19: 
Conditions for filtration trials used for scanning electron microscopy. 
Feed Concentrations Operating conditions 
Membrane surfactant Copper CFV Pressure Temp. 
(g/I) (mg/l) (m/s) (bar) (C) 
nOn-IOniC, 0.5 lecithin 25 1.64 1.72 30 
>100000 
(MWCO) 
anIOnic 0.5 lecithin 25 1.64 1.72 30 
>100000 
(MWCO) 
anIOnic SDS 0 1.2 2.1 25 
>100000 
(MWCO) 
Figure 6.25 shows the membrane surface after filtration of a lecithin solution using a 
polymeric Koch ultrafiltration membrane with a MWCO of 100000 Daltons. The 
surface of this non-ionic membrane type is partially covered with surfactant deposit. 
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Figure 6.25: Micrograph of a non-ionic ultrafiltration membrane after filtration 
of a lecithin solution 
Figure 6.26 shows the surface of an anionic Koch ultrafiltration membrane with a 
MWCO of 100000 Daltons after filtration of a lecithin solution under exactly the 
same conditions as above. In this case there is no significant visible deposit on the 
membrane surface. 
This indicates that different fouling mechanisms are involved when membranes of 
different charge are used. 
Under the given conditions flux levels were slightly higher when a non ionic 
membrane was used in spite of the deposit on the membrane surface. This indicates 
that it is penetration of feed components into the pore structure rather then the 
formation of a gel layer on the membrane surface that controls the permeate flux 
levels. 
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Figure 6.26: Micrograph of an anionic Koch ultrafiltration membrane after 
filtration of a lecithin solution 
Figure 6.27 shows a micrograph of an anionic ultrafiltration membrane after filtration 
of an sodium dodecyl sulphate (SOS) solution. SOS is a synthetic anionic surfactant 
which forms spherical micelles. In this case a thick surfactant deposit can be observed 
on the membrane surface. 
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Figure 6.27: Micrograph of a Koch ultrafiltration membrane after filtration of a 
sodium dodecyl sulphate solution 
Two reasons can be used to explain the difference between the SEM results obtained 
with lecithin and SDS. 
1. Different operating conditions were used in the filtration trials. A higher 
transmembrane pressure results in a higher driving force carrying more surfactant 
molecules and aggregates to the membrane surface. A lower crossflow velocity 
results in a reduced shear force on the membrane surface, allowing the formation 
of a thicker surfactant deposit on the membrane surface. 
2. SDS micelles are spherical and much smaller then the lecithin aggregates. The 
lecithin aggregates are therefore more easily rejected from the membrane surface. 
These results indicate that the flux levels for a lecithin solution system under the 
given conditions seem to be mainly controlled by surfactant molecule deposition in 
the membrane pores and penetration of small aggregates into the pore structure. 
However a surfactant gel layer cannot necessarily be visualised by scanning electron 
microscopy at the magnification used. Therefore another analytical method called X-
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ray Photoelectron Spectrophotometry, which analyses the surface composition of a 
sample down to very small concentrations was employed to analyse the membrane 
surface. 
6.3.4 X-ray Photoelectron Spectrum 
In XPS a sample is radiated with aluminium or magnesium X-rays resulting in 
photoemission from the core levels of the atoms present in the sample. The 
photoelectrons emerging from the sample are collected and the energy is analysed to 
yield the photoelectron spectrum. Measurement of these energies allows 
determination of the elements present in the sample. 
Membranes used in several of the filtration experiment were analysed using XPS. The 
operating conditions used in these experiments were a transmembrane pressure of 
I. 72 bar a crossflow velocity of 2.4 rnIs and a filtration temperature of 30 °C. A 
summary of the results is shown in Table 20 and the photoelectron spectra are shown 
in Appendix 6. 
Table 20: 
Membrane Analysis by X-ray Photoelectron Spectrum Technique (XPS) 
Feed Surface Composition excluding H (atom %) 
Concentrations 
Lecithin Cd C P S Cd 0 F 
[gII) [mgll) 
0 25 66.4 1.2 0.7 0.8 12.5 18.3 
0.5 25 65.7 0.4 0.6 0.7 11.4 21.2 
2 25 65.9 1.4 0.7 0.5 12.6 18.9 
2 50 65.2 1.5 1.4 1.5 14.9 15.4 
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6.3.4.1 Cadmium results 
At a constant feed metal ion concentration (25 mg/I) an increase in lecithin 
concentration reduces the amount of cadmium present on the membrane. This 
confirms results obtained by the energy dispersive analysis by X -ray (Section 6.3 .2) 
and supports the hypothesis put forward to explain the relationship between surfactant 
to metal ion ratio and permeate flux. 
At low surfactant concentrations there is a high proportion of free metal ions. These 
are attracted by the opposing charge of the membrane and bind to it. As the surfactant 
concentration is increased an increasing proportion of metal ion is bound to lecithin 
aggregates and kept in the bulk of the liquid away from the membrane. 
At increased metal ion concentration (50 mg/I) there is a higher proportion of free 
metal ions compared to the lower metal ion concentration (25 mg 11 ) at identical 
surfactant to metal ion ratios. This result gives support to the explanation developed to 
account for the lower rejection levels at increased metal ion concentration. The 
explanation used was a aggregate shape change, reducing the number of binding sites 
at increased metal ion concentration due to reduced pH. 
6.3.4.2 Fluorine results 
Fluorine was detected on all membrane samples. The only fluorine containing 
component in this filtration system is the membrane itself. Considering that XPS only 
analyses the samples to a depth of about two atoms, the results indicates that there is 
no continuous surfactant gel layer on the membrane surface. This confirms results 
obtained by scanning electron microscopy and it lends support to the theory that flux 
levels and component rejection are dominantly controlled by penetration of surfactant 
molecules and small aggregates into the membrane pore structure under the given 
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conditions (crossflow velocity 2.4 mls, filtration pressure 1.72 bar, temperature 30 
CC). A mechanism referred to as membrane fouling. 
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7. Conclusion 
Metal ions have been successfully removed from dilute aqueous solutions usmg 
lecithin enhanced ultrafiltration. For a system using an anionic membrane made from 
a PVDFIPES copolymer the main mechanisms controlling permeate flux levels and 
metal ion rejection levels have been identified. The operating conditions used in these 
filtration trials were a crossflow velocity of 1.64 rnIs, a filtration pressure of I. 7 bar 
and a feed temperature of 30°C. 
Free metal ions are attracted by the negative charge of the membrane. They deposit on 
the membrane surface and in the membrane pore structure causing a reduction in the 
net charge of the membrane. This reduces the repulsion between the surfactant 
molecules or aggregates and the membrane and facilitates the deposition of the 
surfactant on the membrane and in the membrane pores. This explains the dramatic 
flux decrease at low surfactant concentrations. As the surfactant concentration is 
increased more metal ions are bound to surfactant aggregates and are kept in the bulk 
of the liquid away from the membrane, which explains the flux increase with 
increasing surfactant concentration. The first effect can be supported by examination 
of fouled membranes using Electron Dispersive Analysis by X-ray (EDAX). This 
reveals a high metal ion deposition on the used membranes at low surfactant 
concentration. As the surfactant concentration is increased the metal ion peak revealed 
by EDAX is reduced, indicating a reduced metal ion deposition. At high surfactant 
concentration no metal ions could be detected on the membrane. 
The second effect is the charge reduction of the aggregates when metal ions are added, 
which was demonstrated by zeta potential measurements. Charge reduction also 
reduces the repulsion between surfactant monomers and aggregates allowing the 
formation of a more compact fouling (gel) layer. As the lecithin concentration is 
increased the surfactant to metal ion ratio increases, which increases the magnitude of 
the negative aggregate charge. Hence repulsion between the lecithin aggregates and 
monomers increases which leads to the formation of more open fouling (gel) layers. 
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This causes a flux increase with increasing lecithin concentration when metal ions are 
present. Metal ions do not have a significant effect on aggregate surface charge at high 
surfactant to metal ion ratio, therefore metal ions do not have a significant effect on 
the steady state flux-lecithin concentration relationship at high surfactant to metal ion 
ratios. 
Examination of the used membranes with an X -ray photoelectron spectrum technique 
has shown that the effect of a surfactant layer formation on the membrane surface is 
minimal. This is probably caused by a combined effect of surfactant charge and 
lecithin aggregate shape. Therefore the flux levels are dominantly controlled by 
deposition of surfactant molecules and smaller lecithin aggregates inside the 
membrane pores. 
Metal ion rejection is mainly controlled by the surfactant to metal ion ratio. Rejection 
levels increase asymptotically towards a maximum value with increasing lecithin 
concentration. The SIM ratio required to achieve maximum rejection levels increases 
with increasing metal ion concentrations. In the case of cadmium higher SIM ratios 
were required to achieve the same level of rejection. In case of copper which was used 
at higher molar concentrations the maximum rejection levels was reduced as the metal 
ion concentration was increased. A theory used to explain this phenomenon is a 
possible shape change of the lecithin aggregates due to a reduced pH at increased 
metal ion concentrations, reducing the number of binding sites for metal ions. The 
aggregate shape changes from round and vesicle type to clusters of lecithin bilayers, 
with increasing metal ion concentration.. This has been visualised using scanning 
electron microscopy. 
Lecithin rejection reaches maximum values of about 94 % at a concentration of 0.5 gll 
and is unaffected by any process conditions. This maximum rejection level is reached 
at a concentration well below the critical aggregation concentration. Concentration 
polarisation effects, cause an accumulation of surfactant molecules near the membrane. 
surface. The surfactant concentration in this region can therefore exceed the critical 
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aggregation concentration even though the concentration in the bulk of the liquid is 
well below this concentration. 
An increase in crossflow velocity increases the permeate flux values up to a value of 
around 1.9 m1s. This flux increase is put down to a decrease of surfactant deposit 
thickness on the membrane surface. Hence reducing the filtration resistance. An 
increase in filtration pressure also increases the permeate flux up to a critical value of 
around 1.7 bar. A further increase to 2 bar causes a flux reduction. The initial increase 
is caused by a driving force increase. The flux decrease at 2 bar is caused by a 
compression of the surfactant deposit causing an increase in resistance, which more 
then compensates for the driving force increase. 
Rejection levels are high at low crossflow velocities (85 to 90%) and decrease with 
increasing crossflow velocities. Low crossflow velocities allow the formation of a 
surfactant layer on the membrane surface which reduces the permeate flux but also 
creates a secondary barrier for metal ions. At crossflow velocities above 1.6 m1s there 
is no continuous surfactant layer on the membrane surface. The permeate fluxes 
beyond this velocity are constant (80 %). Filtration pressure doesn't have any effect 
on rejection levels over the range investigated. 
In terms of practical application surfactant enhanced ultrafiltration has been shown to 
work well for well defined process streams with metal ion concentrations of up to 50 
ppm. Effluent streams containing 50 ppm Copper and 50 ppm Cadmium can be 
treated in three and two filtration cycles respectively to achieve water standards 
required for open water discharge. These concentrations are 28 Ilgr l for Cu and 5 Ilgr 
I for Cd according to standards set by the Environment Agency. A sample calculation 
is given in Appendix 7. Flux levels of over 100 Ih-1m-2 have been achieved using a 
crossflow velocity of 1.64 ms-I, a filtration pressure of 1.7 bar and a filtration 
temperature of30 cC. 
At high metal ion concentrations of 2 mmol (225 ppm Cd and 127 ppm Cu) flux 
levels dropped to 45 Ih-1m-2 for copper and to 15 Ih-1m-2 for cadmium requiring 
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lecithin concentrations of 8 grl. The drop in maximum rejection level with increasing 
metal ion concentration and the significant drop in flux levels raises questions about 
the suitability for treatment of effluents containing high metal ion concentrations. 
The main mechanisms controlling flux levels and rejection levels in lecithin enhanced 
crossflow ultrafiltration have been identified. The main problem for any industrial 
application seems to be the low flux levels at high metal ion concentrations. Research 
should therefore be directed towards permeate flux enhancing methods. It has been 
shown that an electric field can cause a several fold flux increase for surfactant 
solutions (Bhumgara 1998). The high charge of the lecithin aggregates means that an 
electric field could be a very successful method to increase the flux an rejection levels 
of this system. 
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9.1 Appendix 1: Electron microscopy of membrane 
A Koch ultrafiltration membrane with a molecular weight cut off of 100 000 daltons 
was used for most filtration experiments. This anionic membrane is made from a 
PVDFIPES co-polymer. Membrane surface and support structure were analysed using 
scanning electron microscopy and transition electron microscopy. 
Figure 9.1 shows an scannmg electron microscope image of a freeze fractured 
membrane revealing the support structure of the membrane. 
Figure 9.1: Scanning electron micrograph of a freeze fractured Koch 
ultrafiltration membrane 
Figure 9.2 shows the magnified clean membrane surface using transition electron 
mlCroscopy. 
Appendix I Electron microscopy of membrane 
Figure 9.2: Transition electron micrograph of a clean Koch ultrafiltration 
membrane 
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9.2 Appendix 2: Critical micelle concentration determination 
9.2.1 Surface tension measurements no added metal ions 
Table 1: 
Surface tension measurements for no added metal ion, sample 1 
Lecithin Sample I 
Concentr. Surface Tension ImN/m) 
)gII) 
Measurement Measurement Measurement Measurement Average 
I 2 3 4 
0.5 68.7 68.7 69 68.9 68.3 
I 60.7 60 64.2 63.1 62 
1.5 55.4 54.2 54.2 55.1 54.7 
2 56.3 54.6 54.3 54.9 55 
4 47.3 46.4 45.8 45.6 46.3 
5 45.7 49.7 49.8 49.7 48.7 
7 42.4 40.2 40.8 40.3 40.9 
8 34.1 34.5 34.6 34.4 
10 39.5 38.4 38.6 38.8 
Table 2: 
Surface tension measurements for no added metal ion, sample 2 
Lecithin Sample 2 
Concentr. Surface Tension (mN/m) 
)gII) 
Measurement Measurement Measurement Measurement Average 
I 2 3 4 
0.5 70 6862.1.2 68.1 68.4 68.7 
I 61 60 62.1 62 61.3 
2 56.1 54.9 56.3 57.2 56.1 
3 48.3 48.3 49.4 48.8 48.7 
4 55.7 54.1 53.3 53 54 
5 44.4 44.5 44.5 44.4 44.5 
6 43.7 43.7 43.2 43.1 43.4 
8 41 41 41.4 42 41.4 
10 36.4 36.5 36.7 36.6 36.6 
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Table 3: 
Surface tension measurements for no added metal ion, sample 3 
Lecithin Sample 3 
Coneentr. Surface Tension (mN/ml 
(gill 
Measurement Measurement Measurement Measurement Average 
I 2 3 4 
0.5 66.9 65.3 64.9 65.7 
I 68.5 63.6 65.2 65.4 
2 58.3 56.8 56.9 57.2 
3 50.3 49.5 49.6 49.7 
4 48.6 47.7 47.3 48.2 
5 48.9 48.3 48.2 48.8 
6 46.2 45.5 46.9 46 
7 48.6 47.1 46.6 47.4 
10 37.1 36.3 37.2 37 
Table 4: Summary of re suIts for no added metal ions 
Concentration Overall average Standard Deviation 
[gIl] Surface Tension [mN/m] 
0.5 68.8 0.08 
I 61.6 0.36 
1.5 54.7 
2 55.7 0.49 
3 48.7 
4 47.2 5.2 
5 44 4.11 
6 43.4 
7 37.6 3.3 
8 40 4.1 
10 37.1 1.3 
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9.2.2 Surface tension measurements 25ppm copper 
Table 5: 
Surface tension measurements for 25 ppm copper, sample 1 
Lecithin Sample 1 
Concentr. Surface Tension (mN/m( 
(gII( 
Measurement Measurement Measurement Measurement Average 
I 2 3 4 
0.5 50.5 49.6 49.6 49.5 49.8 
1 41.6 41.6 41.2 41.4 41.45 
2 39.7 39.2 39.4 39.4 39.43 
3 34 34.2 34.3 34.3 34.2 
4 39.4 38.9 38.8 38.4 38.86 
5 32.4 34.8 35 36.9 34.78 
6 34 35.5 37.1 37.3 35.98 
8 30.1 32.4 32.6 3.6 32.18 
10 29.8 31.2 32 32.7 31.43 
Table 6: 
Surface tension measurements for 25 ppm copper, sample 2 
Lecithin Sample 2 
Concentr. Surface Tension (mN/m( 
(gill 
Measurement Measurement Measurement Measurement Average 
I 2 3 4 
0.5 50.5 49.6 49.6 49.5 49.8 
1 41.6 41.6 41.2 41.4 41.45 
2 39.7 39.2 39.4 39.4 39.43 
3 34 34.2 34.3 34.3 34.2 
4 39.4 38.9 38.8 38.4 38.86 
5 32.4 34.8 35 36.9 34.78 
6 34 35.5 37.1 37.3 35.98 
8 30.1 32.4 32.6 3.6 32.18 
10 29.8 31.2 32 32.7 31.43 
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Table 7: 
Surface tension measurements for 25 ppm copper, sample 3 
Lecithin Sample 3 
Concentr. Surface Tension (mN/m( 
(gill 
Measurement Measurement Measurement Measurement Average 
I 2 3 4 
0.5 44 43 42.9 42.9 43.2 
I 44.7 46.8 48.4 47.8 46.93 
2 39.6 38.9 38.8 38.7 39 
3 37.2 36.9 34 34.3 35.6 
4 31.5 33.3 32.4 33.1 32.56 
5 32.9 34.1 34 34.6 33.9 
6 33.6 32.1 33.9 34.7 33.58 
7 33.7 34.9 31 33.1 33.18 
8 32.2 34.1 35.3 35.5 34.28 
10 30.6 31.7 33.4 33.5 32.3 
Table 8: 
Summary of results for 25 ppm copper 
Concentration Overall average Standard Deviation 
[gII) Surface Tension [mN/m) 
0.5 46.36 2.7 
I 43.48 2.45 
2 37.46 2.48 
3 35.25 0.76 
4 38.4 4.57 
5 35.44 1.6 
6 36.61 2.78 
7 33.18 
8 33.52 0.95 
10 33.23 1.97 
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9.2.3 Surface tension measurements 50 ppm copper 
Table 9: 
Surface tension measurements for 50 ppm copper, sample 1 
Lecithin Sample I 
Concentr. Surface Tension I mN/m I 
IgIIl 
Measurement Measurement Measurement Measurement Average 
I 2 3 4 
0.5 68.4 65.8 64.6 63.8 65.7 
1 57.3 54.8 54.3 55.2 55.4 
2 49.9 48.7 48 47.6 48.6 
3 47.5 45.6 45.2 45.1 45.85 
4 50 46.4 46 45.6 47 
5 38.9 37.3 36.7 37.3 37.55 
6 40 38.6 38.2 37.7 38.63 
7 38.6 37.3 36.7 36.3 37.23 
10 36.4 34.3 35.6 35 35.33 
Table 10: 
Surface tension measurements for 50 ppm copper, sample 2 
Lecithin Sample2 
Concentr. Surface Tension ImN/ml 
[gill 
Measurement Measurement Measurement Measurement Average 
I 2 3 4 
0.5 49.7 48.4 48.6 48.5 48.8 
1 43.3 42.5 42.5 42.4 42.7 
2 41.9 41.5 41.6 41.8 41.7 
3 36.3 36 35.8 35.9 36 
4 32.4 33.1 33.3 33.5 33·98 
5 30.6 32.2 32.6 32.8 32.05 
6 32.7 33.1 34.1 34.2 33.23 
8 32.9 34.5 35.6 35.1 34.53 
10 30.4 31.8 32.9 34.2 32.33 
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Table 11: 
Summary of results for 50 ppm copper 
Concentration Overall average Standard Deviation 
[gII] Surface Tension [mN/m] 
0.5 57.2 
I 49 
2 45.13 
3 40.93 
4 40 
5 34.8 
6 36.08 
7 37.23 
8 34.53 
10 33.83 
9.2.4 Surface tension measurements 100 ppm copper 
Table 12: Surface tension measurements for 50 ppm copper, sample 1 
Lecithin Sample 1 
Concentr. Surface Tension (mN/m ( 
(gill 
Measurement Measurement Measurement Measurement Average 
I 2 3 4 
0.5 68.7 68.7 69 68.9 68.83 
I 48.4 46.3 47.2 45.1 46.75 
2 45.2 43.3 42.6 41.7 43.2 
3 37.5 36.9 35.7 36.7 
4 34.7 34.6 34.1 34.47 
5 34.4 34.6 34.6 34.53 
7 31.7 32.2 32.4 32.1 
8 31.2 33 33.9 32.7 
10 32.8 33.6 34.3 33.6 
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Table 13: 
Surface tension measurements for 100 ppm copper, sample 2 
Lecithin Sample 2 
Concentr. Surface Tension ImN/ml 
IgIIl 
Measurement Measurement Measurement Measurement Average 
I 2 3 4 
0.5 44.8 43.4 43.3 42.8 43.58 
1 39.3 38.5 38.4 38.2 38.6 
2 36.3 34.9 34.7 34.8 35.18 
3 34.1 33.6 33.4 33.6 33.68 
4 32.9 33 32.8 33 32.93 
5 30.2 31.3 32.6 32.4 31.63 
6 32.9 33.5 34.1 33.8 33.58 
8 28.9 28.8 29.5 30.1 29.33 
10 28.9 28.7 30.3 31.8 29.93 
Table 14: 
Summary of results for 100 ppm copper 
Concentration Overall average 
[gII) Surface Tension [mN/m) 
0.5 56.2 
1 42.68 
1.5 43.2 
2 35.94 
3 33.68 
4 33.7 
5 3.08 
6 33.58 
7 32.1 
8 31.01 
10 31.76 
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9.2.5 Surface tension measurements 10 ppm cadmium 
Table 15: 
Surface tension measurements for 10 ppm cadmium, sample 1 
Lecithin Sample 1 
Concentr. Surface Tension (mN/m] 
(gII] 
Measurement Measurement Measurement Measurement Average 
I 2 3 4 
1 59.1 58.4 58.3 58.6 
2 50.7 50.4 49.9 50.3 
3 51.7 51.3 51 51.3 
4 48.4 48.1 47.8 48.1 
5 47.1 47.2 46 46.8 
6 46.1 46.1 45.7 46 
7 35.5 36.9 35.9 36.1 
8 45.2 44.5 44.8 44.8 
9 35.3 37.7 36.1 36.4 
10 41.3 40.3 39.2 40.3 
Table 16: 
Surface tension measurements for 10 ppm cadmium, sample 2 
Lecithin Sample 2 
Concentr. Surface Tension (mN/m( 
(gII( 
Measurement Measurement Measurement Measurement Average 
I 2 3 4 
1 
2 55.1 53.9 53.5 54.2 
3 39.3 40.3 41.6 40.4 
4 40 41 41.3 40.8 
5 35.5 35 36 35.5 
6 31.4 30.8 31.5 31.2 
7 
8 31.3 32.1 32.4 31.9 
9 
10 29.4 29.7 28.6 29.2 
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Table 17: 
Summary of results for 10 ppm cadmium 
Concentration Overall average Standard Deviation 
[gII) Surface Tension [mN/m) 
I 58.6 0.4 
2 52.3 2.2 
3 45.9 6 
4 44.4 4 
5 41.1 6.2 
6 38.6 0.2 
7 36.1 0.7 
8 38.4 0.4 
9 36.4 1.2 
10 35.8 1.1 
9.2.6 Surface tension measurements 25 ppm cadmium 
Table 18: 
Surface tension measurements for 25 ppm cadmium, sample 1 
Lecithin Sample I 
Concentr. Surface Tension I mN/m I 
Igfll 
Measurement Measurement Measurement Average Standard 
I 2 3 Deviation 
2 46.2 45.3 45 45.5 0.6 
2.4 47.3 46.7 43.5 45.8 2 
3 39.5 40.1 40.6 40.1 0.6 
3.4 40.3 40.2 40.3 40.3 0.1 
4 39 39.2 39.4 39.2 0.2 
6 31.6 31.4 32 31.7 0.3 
8 31.3 30.8 31 31 0.3 
10 31.2 32.1 31.6 31.6 0.5 
12 29.4 30.2 26.8 28.8 1.8 
14 29.7 30.6 30.5 30.3 0.5 
16 26.9 30.5 28.6 28.7 1.8 
18 29.5 29.4 30.5 29.8 0.6 
20 30 29.6 29.5 29.7 0.3 
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9.2.7 Surface tension measurements SO ppm cadmium 
Table 19: 
Surface tension measurements for SO ppm cadmium, sample 1 
Lecithin Sample I 
CODceDtr. Surface Tension (mN/m( 
(gII( 
Measurement Measurement Measurement Average Standard 
I 2 3 Deviation 
2 46.2 45.3 45.1 45.5 0.6 
2.4 40.1 41.2 42.3 41.2 l.l 
3 39.5 35.7 36.2 37.1 2.1 
3.4 34.5 35 34.6 34.7 0.3 
4 33 33.5 32.4 33 0.6 
6 31.1 31.1 31.5 31.2 0.2 
8 27.2 26.9 28.3 27.5 0.7 
10 30.5 30.5 30.3 30.4 0.1 
12 26.7 26 25.4 26 0.7 
14 26.5 26.1 24.9 25.8 0.8 
16 27.5 26.3 26.3 26.7 0.7 
18 26.2 25.9 25.9 26 0.2 
20 24.8 24.9 24.8 24.8 0.1 
160 
Appendix 2 Critical micelle concentration determination 
9.2.8 Graphical presentation of results 
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Figure 9.4: Effect oflecithin concentration on surface tension, 25 mgll copper 
161 
Appendix 2 Critical micelle concentration detennination 
70 
E 60 
-z 50 
.s 
c: 
0 40 
'c;; 
c: 
Cl> 30 f0-
CI> 
0 20 ~ 
---
- - • 150ppm eu 
:::l 10 (J) 
0 
0.1 1 10 100 
Lecithin Concentration [gill 
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9.3 Appendix 3:Conductivity measurements 
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Figure 9.10; Feed conductivity at various S/M ratios 
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9.4 Appendix 4: Filtration trials at various SIM ratios 
9.4.1 Sample calculation surfactant/metal ion ratio 
Molar concentration of lecithin. 
The lecithin concentration in the feed was related to the total carbon content. The total 
carbon content was meassured using an IONICS carbon analyser. The carbon fraction 
in lecithin was found to be 0.48 (see Figure 9.9). 
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'" U 2000 ~ 
f- a 
0 5 10 15 20 
Lecithin Concentration [gill 
Figure 9.12: Lecithin concentration vs total carbon content 
Assuming a lecithin molecular weight of 750 and a product purity of 20 %, the molar 
lecithin concentration can therefore be calculated by: 
Total Carbon Content (mg) / 4si mg ca~bon) /751 L) x 1001 mmol) x 0.2 
I '\ g leclthm '\ mol '\ mol 
L . h' C (mmol) = eclf m oncentration -1-
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Molar metal ion concentration 
The metal ion concentration was measured using an Perkins and Elmer Atomic 
Adsorbtion Spectrophotometer. The molar concentration was then calculated by: 
MetaIIonconcentrat;on( 7) / 100{ ":) / atomicWe;gh{:aJ x 100{ m::a~l) 
. (mmol) 
= Metal Ion ConcentratIOn -1-
The following molar concentrations have been calculated for a feed solution 
containing 4g/1 oflecithin and 50 ppm Copper: 
Lecithin concentration: 1.14 mmol/l 
Copper Concentration: 0.79 mmolll 
SurfactantlMetal ion ratio: 1.43 
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9.4.2 No added metal ions 
Trial No.l Feed solution: 0.01 gIl Lecithin 
pH Cond. TC Metal ion 
[J.lS/m] [ppm] [ppm] 
Start 6.74 5.1 6.6 
End 6.61 6.8 6.8 
. .. Operatmg CondItIons: 
Crossflow velocity [m/s] Transmembrane pressure Temperature [0C] 
1.64 1.7 bar I 25 psi 30 
FIltrate: 
Time Flux pH Cond. TC Metal Rejection % 
[sec] l/min J.lS ppm ppm TC Metal 
300 22.5 
600 22.5 
900 22.5 
1800 21.5 
3600 21.5 6.8 2.8 1.5 0.77 
5400 
7200 19.5 6.7 2.8 1.3 0.80 
9000 
10800 18.5 
12600 
14400 18 6.6 3.4 1.4 0.79 
16200 
18000 17 
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Trial No.2 Feed solution: 0.1 gII Lecithin 
pH Cond. TC Metal ion 
[J.lS/m] [ppm] [ppm] 
Start 6.5 8 60 
End 6 . .5 9 60 
.. Operatmg ConditIons: 
Crossflow velocity [mls] Transmembrane pressure Temperature [0C] 
1.64 1.7 bar I 25 psi 30 
Filtrate: 
Time Flux pH Cond. TC Metal Rejection % 
[sec] l/min J.lS ppm ppm Te Metal 
300 18 
600 17.5 
900 18 
1800 18 
3600 17 6.7 3.6 4.3 0.92 
5400 17 
7200 17 6.7 3.9 4.2 0.93 
9000 17 
10800 
12600 
14400 
16200 
18000 
Trial No.3 Feed solution: 0.5 gII Lecithin 
pH Cond. TC Metal ion 
[J.lS/m] [ppm] [ppm] 
Start 6.93 27.8 288 
End 6.97 28.8 292 
.. Operatmg ConditIons: 
I Crossflow velocity [mls] Transmembrane pressure Temperature [0C] 
I 1.64 1.7 bar I 25 psi 30 
. FIltrate: 
Time Flux pH Cond. TC Metal Rejection % 
[sec] IImin J.lS ppm ppm rc Metal 
300 15 
600 15 
900 14.5 
1800 14.5 
3600 14.5 6.73 7.1 13.25 95.4 
5400 14.5 
7200 14.5 6.79 7.7 13.75 95.3 
9000 14 
10800 14 6.75 7.7 13 95.6 
12600 
14400 
16200 
18000 
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Trial No.4 Feed solution: 2 g/I Lecithin 
pH Cond. TC Metal ion 
[I!S/m] [ppm] [ppm] 
Start 7.03 90 1080 
End 6.98 96 1240 
. .. Operatmg CondItIons: 
Crossflow velocity [mls] Transmembrane pressure Temperature [0C] 
1.64 1.7 bar I 25 psi 30 
FIltrate: 
Time Flux pH Cond. TC Metal Rejection % 
[sec] Umin I!S ppm ppm TC Metal 
300 11 
600 10.5 
900 10.5 
1800 10.5 
3600 10.5 6.85 16.6 61 94.3 
5400 10.5 
7200 10 6.77 18 64 94.5 
9000 10 
10800 10 6.8 70 94.4 
12600 
14400 
16200 
18000 
Trial No.5 Feed solution: 4 g/I Lecithin 
pH Cond. TC Metal ion 
[I!S/m] [ppm] [ppm] 
Start 162 2190 
End 
.. Operatmg CondItIOns: 
Crossflow velocity [mls] Transmembrane pressure Temperature [0C] 
1.64 1.7 bar I 25 psi 30 
FIltrate: 
Time Flux pH Cond. TC Metal Rejection % 
[sec] l/min IlS ppm ppm TC Metal 
300 8 
600 8 
900 8 
1800 8 
3600 8 38.6 127 94.2 
5400 8 
7200 8 40 126 94.2 
9000 
10800 8 44 132 94 
12600 
14400 
16200 
18000 
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Trial No.6 Feed solution: 5 gII Lecithin 
pH Cond. TC Metal ion 
[j.lS/m] [ppm] [ppm] 
Start 7.33 189 2597 
End 7.31 197 2604 
. .. Operatmg CondItIons: 
Crossflow velocity [mls] Transmembrane pressure Temperature [0C] 
1.64 J.7 bar I 25 psi 30 
FIltrate: 
Time Flux pH Cond. TC Metal Rejection % 
[sec] l/min j.lS ppm ppm TC Metal 
300 7.7 
600 7.7 
900 7.6 
1800 7.5 
3600 7.5 7.14 41 152 94.1 
5400 7.5 
7200 7.5 
9000 7.5 
10800 7.5 7.3 47 154 94.1 
12600 7.5 
14400 
16200 
18000 
Trial No.7 Feed solution: 6 gII Lecithin 
pH Cond. TC Metal ion 
[j.lS/m] [ppm] [ppm] 
Start 7.09 244 3305 
End 7.05 253 3528 
.. Operatmg CondItIons: 
Crossflow velocity [mls] Transmembrane pressure I Temperature [0C] 
1.64 1.7 bar I 25 psi 130 
FIltrate: 
Time Flux pH Cond. TC Metal Rejection % 
[sec] IImin j.lS ppm ppm TC Metal 
300 7 
600 77 
900 6.8 
1800 6.8 
3600 6.7 6.94 80 203 93.9 
5400 6.6 
7200 6.6 6.9 81.2 204 94 
9000 6.6 
10800 6.6 6.94 83.7 211 94 
12600 
14400 
16200 
18000 
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Trial No 8 . Feed solution: 8 gII Lecithin 
pH Cond. TC Metal ion 
[!!S/m] [ppm] [ppm] 
Start 7.21 286 4789 
End 7.18 301 4857 
Operating Conditions: 
Crossflow velocity [mls] Transmembrane pressure Temperature [0C] 
1.64 1.7 bar 125 psi 30 
Filtrate' . 
Time Flux pH Cond. TC Metal Rejection % 
[sec] IImin ~S ppm ppm TC Metal 
300 4 
600 4.2 
900 4.2 
1800 4.2 
3600 4 7.45 60 247 94.8 
5400 4 
7200 3.9 7.45 62 260 94.7 
9000 3.9 
10800 
12600 
14400 
16200 
18000 
Trial No.9 Feed solution: 10 gII Lecithin 
pH Cond. TC Metal ion 
[~S/m] [ppm] [ppm] 
Start 7.77 361 5377.5 
End 7.58 380 5120 
.. Operatmg CondItIOns' . 
Crossflow velocity [mls] Transmembrane pressure I Temperature [0C] 
1.64 1.7 bar I 25 psi 130 
FIltrate' . 
Time Flux pH Cond. TC Metal Rejection % 
[sec] l/min ~S ppm ppm Te Metal 
300 4.8 
600 5 
900 5 
1800 5 
3600 5 7.77 136 288 94.6 
5400 5 
7200 5 7.58 152 286 94.4 
9000 
10800 
12600 
14400 
16200 
18000 
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Trial No.10 Feed solution: 15 gII Lecithin 
pH Cond. TC Metal ion 
[IlS/m] [ppm] [ppm] 
Start 7.25 533 7839 
End 7.23 506 8021 
.. Operatmg CondItions: 
Crossflow velocity [mls] Transmembrane pressure Temperature [0C] 
1.64 1.7 bar I 25 psi 30 
FIltrate: 
Time Flux pH Cond. TC Metal Rejection % 
[sec] IImin J-lS ppm ppm TC Metal 
300 4.2 
600 4.3 
900 4.3 
1800 4.3 
3600 4.3 7.25 210 405 94.8 
5400 4.2 
7200 4.2 7.26 213 434 94.5 
9000 
10800 
12600 
14400 
16200 
18000 
Trial No.ll Feed solution: 20 gII Lecithin 
pH Cond. TC Metal ion 
[J-lS/m] [ppm] [ppm] 
Start 7.05 586 9577 
End 7.1 583 9163 
.. Operatmg CondItIOns: 
Crossflow velocity [mls] Transmembrane pressure Temperature [0C] 
1.64 1.7 bar I 25 psi 30 
FIltrate: 
Time Flux pH Cond. TC Metal Rejection % 
[sec] l/min J-lS ppm ppm TC Metal 
300 3.8 
600 3.8 
900 3.8 
1800 3.6 
3600 3.6 282 519 94.6 
5400 3.6 
7200 3.6 7.07 311 530 94.2 
9000 
10800 
12600 
14400 
16200 
18000 
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9.4.3 10 mgll Copper 
Trial No.12 Feed solution: 0 gII Lecithin, 10 mgll Copper 
pH Cond. TC Metal ion 
[/-IS/m] [ppm] [ppm] 
Start 5.28 39.7 8.035 
End 5.35 41.3 
.. Operatmg CondItions: 
Crossflow velocity [mls] Transmembrane pressure Temperature [0C] 
1.64 1.7 bar I 25 psi 30 
FIltrate: 
Time Flux pH Cond. TC Metal Rejection % 
[sec] IImin /-IS ppm ppm Te Metal 
300 33 
600 33 
900 32 
1800 32 
3600 5.58 34.5 4.24 47.3 
5400 
7200 
9000 25 
10800 5.27 33.6 6.05 24.7 
12600 
14400 
16200 21 
18000 21 5.27 32.7 5.63 29.9 
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Trial No.13 Feed solution: 0.5 gII Lecithin, 10 mgll Copper 
pH Cond. TC Metal ion 
[J.lS/m] [ppm] [ppm] 
Start . 5.02 45 251 8 
End 
. .. Operatmg CondItions: 
Crossflow velocity [mls] Transmembrane pressure Temperature [0C] 
1.64 1.7 bar 125 psi 30 
FIltrate: 
Time Flux pH Cond. TC Metal Rejection % 
[sec] Vmin J.lS ppm ppm TC Metal 
300 7.4 
600 7.2 
900 7 
1800 6.7 
3600 6.5 6.65 27 14.8 1 94.1 87.5 
5400 
7200 
9000 6 
10800 6 6.3 26 15.4 1 93.9 87.5 
12600 6 
14400 
16200 6 
18000 6 6.1 26 15.3 1 93.9 87.5 
Trial No.14 Feed solution: 2 gII Lecithin, 10 mg! I Copper 
pH Cond. TC Metal ion 
[J.lS/m] [ppm] [ppm] 
Start 6.05 90 1032.5 8.59 
End 6.06 100 1062.5 8.89 
.. Operatmg CondItIons: 
Crossflow velocity [mls] Transmembrane pressure I Temperature [0C] I 
1.64 1.7 bar I 25 psi I 30 I 
Filtrate: 
Time Flux pH Cond. TC Metal Rejection % 
[sec] I/min J.lS ppm ppm TC Metal 
300 8 
600 8 
900 7.8 
1800 8 
3600 7.6 6.55 31 56.3 0.58 94.6 93.2 
5400 7.4 
7200 
9000 7.4 
10800 
12600 
14400 7.3 
16200 7.3 
18000 7.3 6.55 32 56.7 0.5 94.7 94.4 
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Trial No.IS Feed solution: 4 gIl Lecithin, 10 mgll Copper 
pH Cond. TC Metal ion 
[IlS/m] [ppm] [ppm] 
Start 6.48 169 2150 9.24 
End 6.55 2450 9.99 
.. Operatmg CondItIons: 
Crossflow velocity [mls] Transmembrane pressure Temperature [0C] 
1.64 1.7 bat I 25 psi 30 
FIltrate: 
Time Flux pH Cond. TC Metal Rejection % 
[sec] l/min IlS ppm ppm TC Metal 
300 5.6 
600 5.6 
900 5.6 
1800 5.6 
3600 5.5 6.81 42 118 1.23 94.5 85.7 
5400 5.4 
7200 5.4 
9000 
10800 6.83 46 123 1.33 94.3 85.6 
12600 
14400 5.2 
16200 5.2 
18000 5.2 6.69 51 130 0.79 94.7 92.1 
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9.4.4 25 mgll Copper 
Trial No.16 Feed solution: 0.5 gII Lecithin, 25 mgll Copper 
pH Cond. TC Metal ion 
[IlS/m] [ppm] [ppm] 
Start 4.72 106 244 21 
End 5.03 100 250 21 
.. Operatmg CondItIOns: 
Crossflow velocity [mls] Transmembrane pressure Temperature [0C] 
1.64 1.7 bar 125 psi 30 
Filtrate: 
Time Flux pH Cond. TC Metal Rejection % 
[sec] IImin IlS ppm ppm TC Metal 
300 4.8 
600 4.8 
900 4.8 
1800 4.8 
3600 4.8 5.82 76 24 7 90.2 66.7 
5400 
7200 
9000 4.4 
10800 4.2 5.5 77 17.6 12 93 42.9 
12600 4.2 
14400 
16200 4 
18000 4 5.46 79 17.3 12 93.1 42.9 
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Trial No.I7 Feed solution: I gII Lecithin, 2S mgll Copper 
pH Cond. TC Metal ion 
[IlS/m] [ppm] [ppm] 
Start 4.55 135 594 23 
End 4.63 I31 609 23 
.. Operatmg ConditIons: 
Crossflow velocity [mls] Transmembrane pressure Temperature [0C] 
1.64 1.7 bar I 25 psi 30 
Filtrate: 
Time Flux pH Cond. TC Metal Rejection % 
[sec] IImin IlS ppm ppm TC . Metal 
300 3.4 
600 3.4 
900 3.3 
1800 3.4 
3600 4 6.55 84 49 2 91.8 91.3 
5400 4 
7200 3.8 
9000 4 
10800 4.1 5.93 95 44 5 92.8 78.3 
12600 4.2 
14400 4.2 
16200 
18000 4.2 
Trial No.I8 Feed solution: 2 gII Lecithin, 2S mgll Copper 
pH Cond. TC Metal ion 
[IlS/m] [ppm] [ppm] 
Start 5.12 146 1256.7 26 
End 4.95 144.8 1206 29 
.. Operatmg ConditIons: 
Crossflow velocity [mls] I Transmembrane pressure Temperature [0C] 
1.64 I 1.7 bar I 25 psi 30 
Filtrate: 
Time Flux pH Cond. TC Metal Rejection % 
[sec] l/min IlS ppm ppm TC Metal 
300 4.5 
600 4.6 
900 4.6 
1800 4.6 
3600 4.8 6.7 92.4 72.5 5 94.2 80.8 
5400 4.8 
7200 4.8 
9000 4.8 
10800 4.8 6.12 96.5 75.7 7 93.7 75.9 
12600 4.8 
14400 4.8 
16200 4.8 
18000 4.8 5.95 95 76 7 93.7 75.9 
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Trial No.19 Feed solution: 4 gII Lecithin, 25 mgll Copper 
pH Cond. TC Metal ion 
[J.!S/m] (ppm] (ppm] 
Start 5.56 185 2234.7 22 
End 5.75 2381.3 22 
.. Operatmg CondItIOns: 
Crossflow velocity [mls] Transmembrane pressure Temperature [0C] 
1.64 1.7 bar I 25 psi 30 
. FIltrate: 
Time Flux pH Cond. TC Metal Rejection % 
[sec] IImin J.!S ppm ppm Te Metal 
300 4.8 
600 4.8 
900 4.7 
1800 5 
3600 5 6.63 99 137.3 4 93.8 81.8 
5400 5 
7200 4.8 
9000 4.8 
10800 6.61 99 137 4 94.2 81.8 
12600 
14400 4.7 
16200 4.7 
18000 4.7 6.6 99 148.7 3 93.7 86.4 
Trial No.20 Feed solution: 6 gII Lecithin, 25 mgll Copper 
pH Cond. TC Metal ion 
[J.!S/m] (ppm] [ppm] 
Start 5.97 252 3290 25 
End 6.11 270 3206.7 25 
.. Operatmg CondItIons: 
Crossflow velocity [mls] Transmembrane pressure Temperature [0C] 
1.64 1.7 bar I 25 psi 30 
FIltrate: 
Time Flux pH Cond. TC Metal Rejection % 
[sec] l/min J.!S ppm ppm rc Metal 
300 4.2 
600 4.2 
900 4.2 
1800 4.4 
3600 4.2 6.77 101 18I.3 4 94.4 84 
5400 4.2 
7200 
9000 
10800 6.66 108 19I.3 3 94 88 
12600 4.2 
14400 4.2 
16200 4.2 
18000 4.2 6.67 108 193.5 3 94 88 
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Trial No.21 Feed solution: 8 g!I Lecithin, 25 mgll Copper 
pH Cond. TC Metal ion 
[JlS/m] [ppm] [ppm] 
Start 6.22 312 4506 23 
End 6.28 322 4378 24 
.. Operatmg CondItions: 
Crossflow velocity [mls] Transmembrane pressure Temperature [0C] 
1.64 1.7 bar 125 psi 30 
FIltrate: 
Time Flux pH Cond. TC Metal Rejection % 
[sec] l/min IlS ppm ppm TC Metal 
300 4.5 
600 4.4 
900 4.4 
1800 4.4 
3600 4.4 6.89 135 233 4 94.8 82.6 
5400 4.4 
7200 4.4 
9000 4.4 
10800 4.4 6.76 138 243.3 3 94.4 87.5 
12600 4.4 
14400 4.4 
16200 4.4 
18000 4.4 6.74 139 243.3 3 94.4 87.5 
Trial No.22 Feed solution: 10 g!I Lecithin, 25 mgll Copper 
pH Cond. TC Metal ion 
[IlS/m] [ppm] [ppm] 
Start 6.48 381 5466.7 28.1 
End 6.6 408 29.8 
.. Operatmg CondItions: 
Crossflow velocity [mls] Transmembrane pressure Temperature [0C] I 
1.64 1.7 bar I 25 psi 30 I 
FIltrate: 
Time Flux pH Cond. TC Metal Rejection % 
[sec] IImin IlS ppm ppm TC Metal 
300 
600 
900 3.2 
1800 3.2 
3600 3.2 6.68 152 232.7 2.63 95.7 90.7 
5400 3.2 
7200 3.2 
9000 3.2 
10800 3.2 6.6 164 244.3 2.58 95.5 91.3 
12600 3.2 
14400 3.2 
16200 3.2 
18000 3.2 238 2.39 95.6 92 
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9.4.5 50 mgll Copper 
Trial No.23 Feed solution: 0 gII Lecithin, 50 mgll Copper 
pH Cond. TC Metal ion 
[IlS/m] [ppm] [ppm] 
Start 191 43 
End 215 42 
. .. Operatmg Conditions: 
Crossflow velocity [m1s] Transmembrane pressure Temperature [0C] 
1.64 1.7 bar I 25 psi 30 
Filtrate: 
Time Flux pH Cond. TC Metal Rejection % 
[sec] I/min IlS ppm ppm TC Metal 
300 12,5 
600 8 
900 7,5 
1800 6 
3600 5,6 180 41 4,7 
5400 5.6 
7200 4.9 192 40 7 
9000 
10800 4.2 195 41 4.7 
12600 
14400 3.8 
16200 
18000 3.4 190 41 4.7 
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Trial No.24 Feed solution: 0.5 gII Lecithin, 50 mgll Copper 
pH Cond. TC Metal ion 
[IlS/m] [ppm] [ppm] 
Start 4.91 198 226.7 47 
End 4.96 203 212.5 48 
.. Operatmg CondItIons: 
Crossflow velocity [mls] Transmembrane pressure Temperature [0C] 
1.64 1.7 bar I 25 psi 30 
FIltrate: 
Time Flux pH Cond. TC Metal Rejection % 
[sec] IImin IlS ppm ppm Te Metal 
300 3.4 
600 3.3 
900 3.2 
1800 3 
3600 2.7 5.6 168 21.6 28 90.5 41.7 
5400 2.5 
7200 
9000 
10800 2.3 5.48 168 21.3 36 90.6 25 
12600 2.1 
14400 2.1 
16200 2.1 
18000 2 5.49 168 21.8 37 89.7 22.9 
Trial No.25 Feed solution: 2 gII Lecithin, 50 mgll Copper 
pH Cond. TC Metal ion 
[IlS/m] [ppm] [ppm] 
Start 4.6 223 1119.8 47 
End 4.64 230 1074.8 48 
.. Operatmg CondItIOns: 
Crossflow velocity [mls] Transmembrane pressure Temperature [0C] 
1.64 1.7 bar I 25 psi 30 
FIltrate: 
Time Flux pH Cond. TC Metal Rejection % 
[sec] IImin IlS ppm ppm TC Metal 
300 4.9 
600 4.5 
900 4.5 
1800 4.2 
3600 3.8 5.24 184 67.3 25 94 46.8 
5400 
7200 3.3 
9000 3.1 
10800 3.1 5.1 186 70.5 26 93.7 45.2 
12600 3.1 
14400 3.1 
16200 3.1 
18000 2.9 5.21 193 70.7 24 93.4 50 
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Trial No.26 Feed solution: 4 gII Lecithin, SO mgll Copper 
pH Cond. TC Metal ion 
[IlS/m] [ppm] [ppm] 
Start 4.84 257 2045.5 51 
End 4.91 260 1930 50 
. . . Operatmg CondItions: 
Crossflow velocity [m1s] Transmembrane pressure Temperature [0C] 
1.64 1.7 bar I 25 psi 30 
FIltrate: 
Time Flux pH Cond. TC Metal Rejection % 
[sec] IImin IlS ppm ppm Te Metal 
300 4.6 
600 4.6 
900 4.2 
1800 4.2 
3600 4.2 5.7 201 139.3 16 93.1 68.6 
5400 
7200 3.8 
9000 
10800 3.6 5.44 206 136.3 16 92.9 68.3 
12600 
14400 3.5 
16200 3.4 
18000 3.4 5.46 206 137.7 15 92.9 70 
Trial No.27 Feed solution: 5 gII Lecithin, SO mgll Copper 
pH Cond. TC Metal ion 
[IlS/m] [ppm] [ppm] 
Start 5.02 286 1374.8 49 
End 5.16 292 1389.8 50 
.. Operatmg CondItIons: 
Crossflow velocity [m1s] Transmembrane pressure Temperature [0C] 
1.64 1.7 bar I 25 psi 30 
FIltrate: 
Time Flux pH Cond. TC Metal Rejection % 
[sec] IImin IlS ppm ppm TC Metal 
300 5.2 
600 4.9 
900 4.8 
1800 4.8 
3600 4.8 5.44 233 178.8 16 87 67.3 
5400 4.8 
7200 4.6 
9000 4.5 
10800 4.4 5.46 240 169 15 87.8 70 
12600 4.3 
14400 4.3 
16200 4.2 
18000 4.2 5.65 244 168.7 16 87.9 68 
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Trial No.28 Feed solution: 6 gII Lecithin, 50 mgII Copper 
pH Cond. TC Metal ion 
[~S/m] [ppm] [ppm] 
Start 5.24 310 3320 41 
End 5.26 333 3336.7 45 
.. Operatmg CondItIOns: 
Crossflow velocity [mls] Transmembrane pressure Temperature [0C] 
1.64 1.7 bar I 25 psi 30 
FIltrate: 
Time Flux pH Cond. TC Metal Rejection % 
[sec] IImin ~S ppm ppm Te Metal 
300 5.9 
600 5.7 
900 5.7 
1800 5.7 
3600 5.6 5.83 216 205.5 11 93.8 73.2 
5400 5.5 
7200 
9000 5.2 
10800 5.1 5.74 216 213.7 10 93.6 77.8 
12600 5.1 
14400 5 
16200 5 
18000 4.9 212.7 10 93.6 77.8 
Trial No.29 Feed solution: 8 gII Lecithin, 50 mgII Copper 
pH Cond. TC Metal ion 
[~S/m] [ppm] [ppm] 
Start 5.42 372 4323.8 49 
End 5.58 394 4112 50 
.. Operatmg CondItIOns: 
Crossflow velocity [mls] Transmembrane pressure Temperature [0C] 
1.64 1.7 bar I 25 psi 30 
FIltrate: 
Time Flux pH Cond. TC Metal Rejection % 
[sec] l/min ~S ppm ppm TC Metal 
300 4.8 
600 4.7 
900 4.7 
1800 4.6 
3600 4.6 5.9 261 195.3 13 95.4 73.5 
5400 4.6 
7200 4.7 
9000 4.7 
10800 4.8 5.93 278 205.8 12 95 76 
12600 4.8 
14400 4.8 
16200 4.8 
18000 4.8 6.05 293 213.8 12 94.8 76 
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Trial No.30 Feed solution: 15 gII Lecithin, 50 mgll Copper 
pH Cond. TC Metal ion 
[J.lS/m] [ppm] [ppm] 
Start 6 583 7235.8 40 
End 6.06 583 7574.6 44 
.. Operatmg CondItions: 
Crossflow velocity [m1s] Transmembrane pressure Temperature [0C] 
1.64 1.7 bar I 25 psi 30 
FIltrate: 
Time Flux pH Cond. TC Metal Rejection % 
[sec] I1min J.lS ppm ppm TC Metal 
300 3.7 
600 3.5 
900 3.6 
1800 3.6 
3600 3 .. 6 6.36 367 406.3 10 94.4 75 
5400 3.6 
7200 3.6 6.34 389 400.7 9 94.7 79.5 
9000 3.6 
10800 
12600 
14400 
16200 
18000 
Trial No.31 Feed solution: 20 gII Lecithin, 50 mgll Copper 
pH Cond. TC Metal ion 
[J.lS/m] [ppm] [ppm] 
Start 6.33 684 9577.3 48 
End 6.35 698 9163 50 
.. Operatmg CondItions: 
Crossflow velocity [m1s] Transmembrane pressure Temperature [0C] 
1.64 1.7 bar I 25 psi 30 
FIltrate: 
Time Flux pH Cond. TC Metal Rejection % 
[sec] IImin J.lS ppm ppm TC Metal 
300 3.2 
600 3.2 
900 3.2 
1800 3.1 
3600 3.1 6.52 447 565.8 12 94.1 75 
5400 3.1 
7200 3.1 
9000 3.1 
10800 3.1 6.57 461 555.7 12 93.9 76 
12600 
14400 
16200 
18000 
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9.4.6 10 mg/l Cadmium 
Trial No.32 Feed solution: 0 g/I Lecithin, 10 mg/l Cadmium 
pH Cond. TC Metal ion 
[IlS/m] [ppm] [ppm] 
Start 6.03 23 8.19 
End 6.04 24 8.22 
. .. Operating CondItions: 
Crossflow velocity [mls] Transmembrane pressure Temperature [0C] 
1.64 1.7 bar I 25 psi 30 
FIltrate: 
Time Flux pH Cond. TC Metal Rejection % 
[sec] IImin IlS ppm ppm re Metal 
300 44 
600 44 
900 42 
1800 39 
3600 30 6.08 19 6.2 24.3 
5400 25 
7200 24 
9000 22 
10800 21 6.08 18 6.02 26.8 
12600 
14400 17 
16200 16 
18000 16 6.04 17 6.02 26.7 
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Trial No.33 Feed solution: 0.1 gII Lecithin, 10 mgll Cadmium 
pH Cond. TC Metal ion 
[IlS/m] [ppm] [ppm] 
Start 5.85 25.6 200 8.2 
End 5.88 28.5 192 8.16 
. .. Operatmg CondItIOns: 
Crossflow velocity [m/s] Transmembrane pressure Temperature [0C] 
1.64 1.7 bar I 25 psi 30 
FIltrate: 
Time Flux pH Cond. TC Metal Rejection % 
[sec] lImin IlS ppm ppm rc Metal 
300 10 
600 9.2 
900 8.7 
1800 
3600 7.4 6.06 16 4.4 2.99 97.7 63.4 
5400 7 
7200 
9000 
10800 6.04 16.6 4.65 3.61 97.5 55.8 
12600 7.2 
14400 7.2 
16200 7.2 
18000 7.2 6 19.1 4.45 3.8 97.7 53.6 
Trial No.34 Feed solution: 0.5 gII Lecithin, 10 mgll Cadmium 
pH Cond. TC Metal ion 
[IlS/m] [ppm] [ppm] 
Start 6.25 38 277.3 7.08 
End 6.53 37.7 289.5 7.23 
.. Operatmg CondItIOns: 
Crossflow velocity [m/s] Transmembrane pressure Temperature [0C] 
1.64 1.7 bar I 25 psi 30 
FIltrate: 
Time Flux pH Cond. TC Metal Rejection % 
[sec] lImin IlS ppm ppm rc Metal 
300 8.3 
600 8.2 
900 8 
1800 8 
3600 7.7 6.48 22.1 14.85 0.04 94.6 99.4 
5400 7.7 
7200 
9000 
10800 7.7 6.52 22.1 14.75 0.23 94.9 96.8 
12600 7.7 
14400 7.6 
16200 7.7 
18000 7.6 6.54 22.9 15.1 0.39 94.8 94.6 
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Trial No 35 . Feed solution· 1 gII Lecithin 10 mgll Cadmium . , 
pH Cond. TC Metal ion 
[J.1S/m] [ppm] [ppm] 
Start 6.37 50 523.5 7.92 
End 6.48 52 505.5 8.12 
. .. Operatmg ConditIons· . 
Crossflow velocity [mls] Transmembrane pressure Temperature [0C] 
1.64 1.7 bar I 25 psi 30 
. Filtrate· . 
Time Flux pH Cond. TC Metal Rejection % 
[sec] IImin J.1S ppm ppm TC Metal 
300 7.6 
600 8 
900 7.7 
1800 7 
3600 7.2 6.5 21 22 0.08 95.8 99 
5400 7.4 
7200 
9000 
10800 7.8 6.75 21 22.5 0.02 95.5 99.8 
12600 7.7 
14400 7.7 
16200 7.7 
18000 7.7 6.9 21 22 0.02 95.6 99.8 
Trial No 36 . Feed solution: 2 gII Lecithin, 10 mgll Cadmium 
pH Cond. TC Metal ion 
[J.1S/m] [ppm] [ppm] 
Start 6.63 85.3 1276 8.4 
End 
Operatmg Conditions: 
r Crossflow velocity [mls] Transmembrane pressure Temperature [QC] 
I 1.64 1.7 bar I 25 psi 30 
Filtrate: 
Time Flux pH Cond. TC Metal Rejection % 
[sec] l/min J.1S ppm ppm rc Metal 
300 8 
600 8.2 
900 8 
1800 8 
3600 6.67 27.7 56 0.02 95.6 99.8 
5400 7.8 
7200 
9000 
10800 7.6 6.7 30.6 58.5 0.Q2 95.4 99.8 
12600 7.6 
14400 7.6 
16200 7.65 
18000 7.6 6.75 30.6 57 0 95.5 100 
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9.4.7 25 mgll Cadmium 
Trial No.37 Feed solution: 0 gII Lecithin, 25 mgll Cadmium 
pH Cond. TC Metal ion 
[J.lS/m] [ppm] [ppm] 
Start 5.63 61.5 20.44 
End 5.62 62.7 20.88 
.. Operatmg CondItIOns: 
Crossflow velocity [m1s] Transmembrane pressure Temperature [0C] 
1.64 1.7 bar I 25 psi 30 
FIltrate: 
Time Flux pH Cond. TC Metal Rejection % 
[sec] IImin J.lS ppm ppm TC Metal 
300 36 
600 32 
900 30 
1800 27 
3600 22 5.62 55.2 19.25 7.8 
5400 20 
7200 18 
9000 
10800 5.62 54.3 18.48 11.5 
12600 15 
14400 14 
16200 14 
18000 14 5.69 54.2 18.3 12.4 
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Trial No.38 Feed solution: 0.1 g/I Lecithin, 2S mg/l Cadmium 
pH Cond. TC Metal ion 
[JlS/m] [ppm] [ppm] 
Start 5.83 63.2 22.02 
End 5.86 64.7 22.02 
.. Operating CondItions: 
Crossflow velocity [m1s] Transmembrane pressure Temperature [0C] 
1.64 1.7 bar I 25 psi 30 
FIltrate: 
Time Flux pH Cond. TC Metal Rejection % 
[sec] IImin JlS ppm ppm TC Metal 
300 5.1 
600 4.8 
900 4.5 
1800 4 
3600 3.6 5.86 47.2 \0.9 50.5 
5400 3.6 
7200 
9000 
10800 3.6 5.76 50.1 13.38 39.2 
12600 3.6 
14400 3.6 
16200 3.6 
18000 3.6 5.79 49.9 13.42 39.1 
Trial No.39 Feed solution: O.S g/I Lecithin, 2S mg/l Cadmium 
pH Cond. TC Metal ion 
[JlS/m] [ppm] [ppm] 
Start 6.14 68.4 240.7 19.67 
End 6.19 68.5 241 20.51 
.. Operatmg CondItIOns: 
Crossflow velocity [m1s] Transmembrane pressure Temperature [0C] 
1.64 1.7 bar I 25 psi 30 
FIltrate: 
Time Flux pH Cond. TC Metal Rejection % 
[sec] l/min J.lS ppm ppm Te Metal 
300 3.6 
600 3.5 
900 3.4 
1800 3.4 
3600 6.82 43.8 4.9 0.37 98 98.2 
5400 
7200 3.4 
9000 3.3 
\0800 3.3 6.57 52.9 5.15 3 97.9 85.3 
12600 3.3 
14400 3.4 
16200 3.3 
18000 3.4 6.47 53.1 5.05 4.88 97.9 76.2 
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Trial No.40 Feed solution: 1 gII Lecithin, 25 mgll Cadmium 
pH Cond. TC Metal ion 
[J.lS/m] [ppm] [ppm] 
Start 6.13 82.5 523.7 21.84 
End 6.34 83 541 21.84 
.. Operatmg Conditions: 
Crossflow velocity [m/s] Transmembrane pressure Temperature [0C] 
1.64 1.7 bar I 25 psi 30 
Filtrate: 
Time Flux pH Cond. TC Metal Rejection % 
[sec] l/min J.lS ppm ppm TC Metal 
300 5 
600 5 
900 5 
1800 4.6 
3600 6.6 45.8 15 0.56 97.1 97.4 
5400 4.4 
7200 
9000 4.2 
10800 4 6.53 57.6 25.5 2.45 95.3 88.7 
12600 4 
14400 4 
16200 4 
18000 4 656 59.1 25.5 3.1 95.3 85.8 
Trial No.41 Feed solution: 2 gII Lecithin, 25 mgll Cadmium 
pH Cond. TC Metal ion 
[J.lS/m] [ppm] [ppm] 
Start 6.21 115 1116 21.2 
End 6.18 112 1111.3 21.4 
.. Operatmg Conditions: 
Crossflow velocity [m/s] Transmembrane pressure Temperature [0C] 
1.64 1.7 bar 125 psi 30 
Filtrate: 
Time Flux pH Cond. TC Metal Rejection % 
[sec] l/min J.lS ppm ppm TC Metal 
300 4.4 
600 5 
900 5.3 
1800 5.8 
3600 5.9 6.6 62 52 0.1 95.3 99.5 
5400 5.8 
7200 5.8 
9000 
10800 5.7 6.7 67 60.7 0.2 95.5 99.1 
12600 
14400 5.6 
16200 5.6 
18000 5.6 6.78 66 62.7 0.3 94.4 98.6 
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9.4.8 50 mgll Cadmium 
Trial No.42 Feed solution: 0 gII Lecithin, 50 mgll Cadmium 
pH Cond. TC Metal ion 
[IlS/m] [ppm] [ppm] 
Start 5.56 110 43.8 
End 5.49 108 43 .. 95 
.. Operatmg CondItIons: 
Crossflow velocity [mls] Transmembrane pressure Temperature [0C] 
1.64 1.7 bar I 25 psi 30 
FIltrate: 
Time Flux pH Cond. TC Metal Rejection % 
[sec] l/min IlS ppm ppm re Metal 
300 26 
600 24 
900 23 
1800 21 
3600 5.53 97 38.3 12.9 
5400 19 
7200 
9000 17 
10800 171 5.55 97 37.9 13.8 
12600 17 
14400 
16200 16 
18000 16 5.67 97 37.8 14 
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Trial No.43 Feed solution: 0.5 gII Lecithin, 50 mgll Cadmium 
pH Cond. TC Metal ion 
[liS/m] [ppm] [ppm] 
Start 5.64 127 162.3 46.8 
End 5.9 127 231.7 46.6 
.. Operatmg Conditions: 
Crossflow velocity [m1s] Transmembrane pressure Temperature [0C] 
1.64 1.7 bar ~ 25 psi 30 
Filtrate: 
Time Flux pH Cond. TC Metal Rejection % 
[sec] IImin liS ppm ppm TC Metal 
300 2.6 
600 2.4 
900 2.4 
1800 2.4 
3600 6 76 18.4 60.5 
5400 
7200 2.2 
9000 2.2 
10800 2 6 110 29.6 36.4 
12600 2 
14400 2 
16200 2 
18000 2 6.12 112 31.1 33.2 
Trial No.44 Feed solution: 2 gII Lecithin, 50 mgll Cadmium 
pH Cond. TC Metal ion 
[liS/m] [ppm] [ppm] 
Start 6 164 1138 42.36 
End 6.05 168 1132.7 43.44 
.. Operatmg ConditIOns: 
Crossflow velocity [m1s] Transmembrane pressure Temperature [0C] 
1.64 1.7 bar I 25 psi 30 
Filtrate: 
Time Flux pH Cond. TC Metal Rejection % 
[sec] l/min liS ppm ppm TC Metal 
300 2 
600 3.4 
900 3.2 
1800 3.2 
3600 6.19 89.4 51.7 5.68 95.4 86.9 
5400 
7200 3.2 
9000 
10800 
12600 
14400 3.2 
16200 3.2 
18000 3.2 6.21 132.7 63 11.76 94.4 72.9 
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Trial No.45 Feed solution: 4 gII Lecithin, SO mgll Cadmium 
pH Cond. TC Metal ion 
[IlS/m] [ppm] [ppm] 
Start 6.01 203 1980.3 41 
End 6.15 220 2031.3 41 
.. Operatmg CondItIons: 
Crossflow velocity [m/s] Transmembrane pressure Temperature [0C] 
1.64 1.7 bar I 25 psi 30 
. Filtrate: 
Time Flux pH Cond. TC Metal Rejection % 
[sec] IImin IlS ppm ppm rc Metal 
300 4 
600 4 
900 4 
1800 4 
3600 4 6.17 118 96.7 2.61 95.2 93.6 
5400 
7200 
9000 4.2 
\0800 4.2 6.32 148 119.7 3.39 94.1 91.7 
12600 4.2 
14400 4.4 
16200 4.4 
18000 4.4 6.42 148 122.3 3.16 94 92.3 
Trial No.46 Feed solution: 6 gII Lecithin, SO mgll Cadmium 
pH Cond. TC Metal ion 
[IlS/m] [ppm] [ppm] 
Start 6.69 263 2851.7 39.3 
End 6.79 279 2841.7 39 
.. Operatmg CondItIOns: 
Crossflow velocity [m/s] Transmembrane pressure Temperature [0C] 
1.64 1.7 bar I 25 psi 30 
FIltrate: 
Time Flux pH Cond. TC Metal Rejection % 
[sec] IImin IlS ppm ppm rc Metal 
300 4.2 
600 4.4 
900 4.4 
1800 4.5 
3600 4.5 6.6 140 164.7 0.93 94.2 97.6 
5400 4.4 
7200 
9000 
\0800 4.4 6.7 160 184.7 0.59 93.5 98.5 
12600 4.5 
14400 4.6 
16200 4.6 
18000 4.6 6.77 165 180.3 0.54 93.7 98.6 
194 
Appendix 4 Filtration trials at various SIM 
9.4.9 127 mgll Copper 
Permeate sample volumes at high metal ion concentrations were to small for any 
analysis. Therefore no rejection data are available for these filtration trials. 
Trial No.47 Feed solution: 0 gII Lecithin, 127 mgll Cadmium 
pH Cond. TC Metal ion 
[IlS/m] [ppm] [ppm] 
Start 445 105.8 
End 444 106.7 
.. Operatmg CondItIOns: 
Crossflow velocity [m1s] Transmembrane pressure Temperature [0C] 
2.4 25 psi I 1.7 bar 30 
FIltrate: 
Time [sec) Permeate Flux [l/h/m ) 
900 55 
1800 55 
3600 53 
5400 41 
7200 37 
9000 
10800 
12600 24 
14400 24 
16200 22 
18000 22 
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Trial No.48 Feed solution: 1 gII Lecithin, 127 mgll Copper 
pH Cond. TC Metal ion 
[IlS/m] [ppm] [ppm] 
Start 4.76 472 484 94.2 
End 5.02 486 429 94.4 
.. Operatmg CondItIOns: 
Crossflow velocity [m1s] Transmembrane pressure Temperature [0C] 
2.4 25 psi I 1.7 bar 30 
FIltrate: 
Time [sec] Penneate Flux [lIhIm I 
900 0.4 
1800 0.4 
3600 
5400 
7200 0.24 
9000 0.2 
10800 
12600 0.15 
14400 
·16200 
18000 0.12 
Trial No.49 Feed solution: 2 gII Lecithin, 127 mgll Copper 
pH Cond. TC Metal ion 
[IlS/m] [ppm] [ppm] 
Start 4.25 461 956 113 
End 
.. Operatmg CondItIons: 
Crossflow velocity [m1s] Transmembrane pressure Temperature [0C] 
2.4 25 psi I 1.7 bar 30 
FIltrate: 
Time [sec] Penneate Flux [lIhIm"] 
900 0.16 
1800 
3600 0.36 
5400 
7200 0 
9000 0 
10800 0 
12600 0 
14400 0 
16200 0 
18000 0 
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Trial No.SO Feed solution: 6 gII Lecithin, 127 mgll Copper 
pH Cond. TC Metal ion 
[IlS/m] [ppm] [ppm] 
Start 5.26 493 2858 100 
End 5.27 499 2594 99.8 
. .. Operatmg CondItIons: 
Crossflow velocity [mls] Transmembrane pressure Temperature [0C] 
2.4 25 psi I 1.7 bar 30 
FIltrate: 
Time [sec] Permeate Flux [I/hIm ] 
900 1.8 
1800 2.1 
3600 
5400 
7200 1.6 
9000 
10800 1.6 
12600 
14400 1.7 
16200 
18000 1.7 
Trial No.Sl Feed solution: 8 gII Lecithin, 127 mgll Copper 
pH Cond. TC Metal ion 
[IlS/m] [ppm] [ppm] 
Stan 5.16 538 4373 106 
End 5.45 577 3687 102 
.. Operatmg CondItIons: 
Crossflow velocity [mls] Transmembrane pressure Temperature [0C] 
2.4 25 psi I 1.7 bar 30 
FIltrate: 
Time [sec] Permeate Flux [lIhJm·] 
900 1.6 
1800 1.6 
3600 
5400 1.7 
7200 1.7 
9000 1.8 
10800 1.8 
12600 
14400 1.8 
16200 
18000 1.8 
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9.4.10 225 mgll Cadmium 
Trial No.52 Feed solution: 0 gIl Lecithin, 225 mgll Cadmium 
pH Cond. TC Metal ion 
h.lS/m] [ppm] [ppm] 
Start 6.12 400 183.5 
End 6.5 400 160 
.. Operatmg CondItions: 
Crossflow velocity [m1s] Transmembrane pressure Temperature [0C] 
2.4 25 psi I 1.7 bar 30 
FIltrate: 
Time [sec] Permeate Flux [I/h/m'] 
900 51 
1800 45 
3600 38 
5400 33 
7200 
9000 24 
10800 21 
12600 
14400 
16200 14 
18000 14 
Trial No.53 Feed solution: 1 gIl Lecithin, 225 mgll Cadmium 
pH Cond. TC Metal ion 
[J.lS/m] [ppm] [ppm] 
Start 6.43 436 405 161 
End 6.7 456 334 143 
.. Operatmg CondItIOns: 
Crossflow velocity [m1s] Transmembrane pressure Temperature [0C] 
2.4 25 psi I 1.7 bar 30 
FIltrate: 
Time [sec] Permeate Flux [l/h/m'] 
900 I 
1800 0.84 
3600 0.8 
5400 
7200 0.68 
9000 0.49 
10800 
12600 0.28 
14400 
16200 0.2 
18000 0.2 
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Trial No.54 Feed solution: 2 g/I Lecithin, 225 mg/l Cadmium 
pH Cond. TC Metal ion 
[J.lS/m] [ppm] [ppm] 
Start 6.55 446 7S4 145 
End 
.. Operatmg CondItIons: 
Crossflow velocity [mls] Transmembrane pressure Temperature [0C] 
2.4 25 psi I 1.7 bar 30 
FIltrate: 
Time [sec) Permeate Flux [l/hIm') 
900 
ISOO 
3600 0.4 
5400 
7200 
9000 0.3 
10SOO 
12600 
14400 0.21 
16200 0.21 
18000 0.2 
Trial No 55 . Feed solution· 4 g/I Lecithin 225 mg/l Cadmium . , 
pH Cond. TC Metal ion 
[J.lS/m] [ppm] [ppm] 
Start 5.43 481 ISOS IS6 
End 5.48 504 1746 185 
.. Operatmg CondItIons· . 
Crossflow velocity [mls] Transmembrane pressure Temperature [0C] 
2.4 25 psi 11.7 bar 30 
Filtrate· . 
Time [sec) Permeate Flux [llhIm ) 
900 0.7 
ISOO 0.52 
3600 0.46 
5400 0.44 
7200 0.34 
9000 
IOS00 0.36 
12600 
14400 0.32 
16200 
ISOOO 0.3 
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Trial No.56 Feed solution: 8 gII Lecithin, 225 mgll Cadmium 
pH Cond. TC Metal ion 
[IlS/m] [ppm] [ppm] 
Start 6.35 620 3624 182 
End 6.33 645 3530 187 
.. Operatmg CondItions: 
Crossflow velocity [m/s] Transmembrane pressure Temperature [0C] 
2.4 25 psi I 1.7 bar 30 
FIltrate: 
Time [sec] Permeate Flux [l/h/m·] 
900 1.2 
1800 l.l 
3600 0.95 
5400 0.85 
7200 
9000 0.76 
10800 
12600 
14400 0.7 
16200 0.6 
18000 0.6 
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9.5 Appendix 5: Filtration trials at various operating conditions 
9.5.1 1 bar filtration pressure 
Trial No.57 Feed solution: 2 gII Lecithin, 25 mgII Copper 
pH Cond. TC Metal ion 
[J.lS/m] [ppm] [ppm] 
Start 5.3 140 943 20.85 
End 5.25 144 1045 21.69 
.. Operatmg CondItIons: 
Crossflow velocity [m/s] Transmembrane pressure Temperature [0C] 
I 15 psi I I bar 30 
FIltrate: 
Time Flux pH Cond. TC Metal Rejection % 
[sec] llmin J.lS ppm ppm TC Metal 
300 lA 
600 1.5 
900 1.5 
1800 1.5 
3600 6.24 75 35 0.4 96.3 98.1 
5400 
7200 1.5 
9000 1.5 
10800 6.45 103 50.7 1.31 94.6 93.7 
12600 1.5 
14400 1.5 
16200 
18000 1.5 6.43 103 56.3 2.07 94.6 90.5 
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Trial No.58 Feed solution: 2 gII Lecithin, 25 mgll Copper 
pH Cond. TC Metal ion 
[~S/m] [ppm] [ppm] 
Start 5.05 143 920 19.59 
End 4.16 185 956 21.06 
.. Operatmg Conditions: 
Crossflow velocity [mls] Transmembrane pressure Temperature [0C] 
1.3 15 psi I 1 bar 30 
Filtrate: 
Time Flux pH Cond. TC Metal Rejection % 
[sec] l/min ~S ppm ppm TC Metal 
300 3.3 
600 3.1 
900 3 
1800 3 
3600 3 6.21 80 40.5 1.25 95.6 93.6 
5400 
7200 
9000 2.8 
10800 6.36 98 56 3.47 93.9 82.3 
12600 2.8 
14400 2.8 
16200 2.8 
18000 2.8 6.29 98 58.7 3.71 93.9 82.4 
Trial No.59 Feed solution: 2 gII Lecithin, 25 mgll Copper 
pH Cond. TC Metal ion 
[~S/m] [ppm] [ppm] 
Start 5.34 140 986.3 23.07 
End 5.31 139 1015 23.94 
.. Operatmg Conditions: 
Crossflow velocity [mls] Transmembrane pressure Temperature [0C] 
1.6 15 psi I 1 bar 30 
. Filtrate: 
Time Flux pH Cond. TC Metal Rejection % 
[sec] l/min ~S ppm ppm TC Metal 
300 2.9 
600 2.7 
900 2.7 
1800 2.5 
3600 6.32 87 45.7 3.66 95.4 84.1 
5400 2.4 
7200 
9000 
\0800 2.4 6.13 \03 59 6.43 94 72.1 
12600 
14400 2.3 
16200 
18000 2.3 6.17 105 57 6.25 94.4 73.9 
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Trial No 60 
" 
Feed solution" 2 gII Lecithin 25 mgll Copper 
" 
, 
pH Cond. TC Metal ion 
[/lS/m] [ppm] [ppm] 
Start 4.64 162 903 22.02 
End 4.63 159 957.7 22.85 
.. Operatmg CondItIons" 
Crossflow velocity [rnIs] Transmembrane pressure Temperature [0C] 
1.9 15 psi I I bar 30 
. FIltrate" 
Time Flux pH Cond. TC Metal Rejection % 
[sec] IImin /lS ppm ppm Te Metal 
300 4.4 
600 4.6 
900 4.4 
1800 4.4 
3600 6.43 89 48 2.97 94.7 86.5 
5400 
7200 4.2 
9000 4.1 
10800 4.1 6.13 90 54 4.32 94 80.4 
12600 4.1 
14400 
16200 4.1 
18000 4.1 6 91 57 4.22 94 81.5 
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9.5.2 1.38 bar filtration pressure 
Trial No.61 Feed solution: 2 gII Lecithin, 25 mgll Copper 
pH Cond. TC Metal ion 
[J.IS/m] [ppm] [ppm] 
Start 5.04 149 990 22.71 
End 4.98 151 1038 23.42 
.. Operatmg CondItIons: 
Crossflow velocity [mls] Transmembrane pressure Temperature [0C] 
I 20 psi I 1.38 bar 30 
FIltrate: 
Time Flux pH Cond. TC Metal Rejection % 
[sec] l/min J.IS ppm ppm TC Metal 
300 1.8 
600 1.8 
900 1.8 
1800 1.8 
3600 1.7 6.24 60 27 2.41 97.3 89.4 
5400 1.7 
7200 
9000 
10800 1.7 6.2 104 59 6.6 94 70.9 
12600 
14400 1.7 
16200 1.7 
18000 1.7 6.27 105 57.3 6.53 94.5 72.1 
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Trial No.61a Feed solution: 2 gII Lecithin, 25 mgll Copper 
pH Cond. TC Metal ion 
[J.lS/m] . [ppm] [ppm] 
Start 4.61 150 20.96 
End 5.22 128 20.61 
.. Operatmg ConditIons: 
Crossflow velocity [mls] Transmembrane pressure Temperature [0C] 
I 20 psi I 1.38 bar 30 
Filtrate: 
Time Flux pH Cond. TC Metal Rejection % 
[sec] l/min J.lS ppm ppm TC Metal 
300 
600 
900 1.3 
1800 1.3 
3600 6.72 212 0.12 99.4 
5400 
7200 1.4 
9000 
10800 1.7 6.94 130 0.35 98.3 
12600 
14400 1.7 
16200 1.7 
18000 1.7 6.74 112 0.6 97.1 
Trial No.62 Feed solution: 2 g/I Lecithin, 25 mgll Copper 
pH Cond. TC Metal ion 
[J.lS/m] [ppm] [ppm] 
Start 5.01 140 
End 4.65 152 931 21.63 
.. Operatmg ConditIons: 
Crossflow velocity [mls] Transmembrane pressure Temperature [QC] 
1.3 20 psi I 1.38 30 
Filtrate: 
Time Flux pH Cond. TC Metal Rejection % 
[sec] IImin J.lS ppm ppm TC Metal 
300 3.1 
600 3 
900 3 
1800 3 
3600 3 5.88 73 3.18 85.3 
5400 2.8 
7200 
9000 
10800 2.8 5.99 88 4.09 81.1 
12600 
14400 
16200 2.8 
18000 2.8 5.91 88 4.07 81.2 
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Trial No.63 Feed solution: 2 gII Lecithin, 25 mgII Copper 
pH Cond. TC Metal ion 
[IlS/m] [ppm] [ppm] 
Start 5.32 140 
End 5.23 132 938.3 24.11 
.. Operatmg CondItIons: 
Crossflow velocity [mls] Transmembrane pressure Temperature [0C] 
1.6 20 psi I 1.38 bar 30 
FIltrate: 
Time Flux pH Cond. TC Metal Rejection % 
[sec] IImin IlS ppm ppm rc Metal 
300 5.3 
600 5.2 
900 5.2 
1800 5 
3600 5 6.14 90 6.14 74.5 
5400 
7200 4.8 
9000 4.7 
10800 5.99 95 7.18 70.2 
12600 
14400 
16200 4.2 
18000 4.2 6.05 95 52 5.89 94.5 75.6 
Trial No.64 Feed solution: 2 gII Lecithin, 25 mgII Copper 
pH Cond. TC Metal ion 
[IlS/m] [ppm] [ppm] 
Start 5.15 140 
End 5.41 139 989 23.34 
.. Operatmg CondItions: 
Crossflow velocity [mls] Transmembrane pressure Temperature [0C] 
1.9 20 psi I 1.38 bar 30 
FIltrate: 
Time Flux pH Cond. TC Metal Rejection % 
[sec] l/min IlS ppm ppm rc Metal 
300 3.5 
600 3.2 
900 2.8 
1800 2.8 
3600 2.8 6.34 75 2.14 90.8 
5400 
7200 
9000 
10800 2.6 6.31 93 5.02 78.5 
12600 
14400 2.6 
16200 2.6 
18000 2.6 6.26 94 50 4.83 94.9 79.3 
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Trial N 0.64a Feed solution: 2 gII Lecithin, 25 mgll Copper 
pH Cond. TC Metal ion 
[J.lS/m] [ppm] [ppm] 
Start 5.35 120 21.29 
End 5.3 120 21.33 
.. Operatmg Conditions: 
Crossflow velocity [m/s] Transmembrane pressure Temperature [0C] 
1.9 20 psi I 1.38 bar 30 
Filtrate: 
Time Flux pH Cond. TC Metal Rejection % 
[sec] Vmin IlS ppm ppm TC Metal 
300 3.6 
600 
900 
1800 3.7 
3600 3.7 
5400 
7200 3.6 
9000 3.5 
10800 3.5 7.06 132 3.66 82.8 
12600 
14400 3.5 
16200 3.5 
18000 3.5 6.9 110 3.64 82.9 
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9.5.3 1.72 bar filtration pressure 
Trial No.65 Feed solution: 2 gIl Lecithin, 25 mgll Copper 
pH Cond. TC Metal ion 
[!-IS/m] [ppm] [ppm] 
Start 5.0 134.9 1161.5 20.58 
End 5.19 138.2 1079 21.21 
. .. Operatmg CondItions: 
Crossflow velocity [m/s] Transmembrane pressure Temperature [0C] I 
I 25 psi I 1.72 bar 30 I 
FIltrate: 
Time Flux pH Cond. TC Metal Rejection % 
[sec] l/min !-IS ppm ppm TC Metal 
300 2.6 
600 2.8 
900 2.5 
1800 2.5 
3600 2.6 6.35 75 34.5 0.87 97 95.8 
5400 
7200 
9000 
10800 2.4 6.3 101. 53 2.5 95.4 87.9 
12600 2.4 
14400 2.4 
16200 
18000 2.4 6.17 101 54 2.63 95 87.6 
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Trial No.66 Feed solution: 2 gII Lecithin, 25 mgll Copper 
pH Cond. TC Metal ion 
[JlS/m] [ppm] [ppm] 
Start 5.8 138 1035.5 20.43 
End 5.67 142 1045 20.99 
.. Operatmg CondItIOns: 
Crossflow velocity [m/s] Transmembrane pressure Temperature [QC] 
1.3 25 psi I 1.72 bar 30 
. FIltrate: 
Time Flux pH Cond. TC Metal Rejection % 
[sec] l/min JlS ppm ppm TC Metal 
300 4.1 
600 4.1 
900 4.2 
1800 4.1 
3600 4.1 6.17 92 57.5 2.18 94.4 89.3 
5400 4.1 
7200 4.1 
9000 4.1 
10800 4.1 6.19 92 64.7 2.47 93.7 87.9 
12600 
14400 
16200 4.4 
18000 4.4 6.06 99 81 3.15 92.2 85 
Trial No.67 Feed solution: 2 gII Lecithin, 25 mgll Copper 
pH Cond. TC Metal ion 
[JlS/m] [ppm] [ppm] 
Start 5.22 150 1081 23.85 
End 5.4 151 1094 24.44 
.. Operatmg CondItIons: 
Crossflow velocity [m/s] Transmembrane pressure Temperature [QC] 
1.6 25 psi I 1.72 bar 30 
FIltrate: 
Time Flux pH Cond. TC Metal Rejection % 
[sec] IImin JlS ppm ppm TC Metal 
300 
600 3.3 
900 3.6 
1800 3.8 
3600 3.9 6.28 98 76 2.74 93 88.5 
5400 3.8 
7200 3.6 
9000 
10800 6.29 113 65 5.1 94 78.6 
12600 3.6 
14400 
16200 3.5 
18000 3.5 6.18 110 61.5 5.14 94.4 79 
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Trial No.67a Feed solution: 2 gIl Lecithin, 25 mgll Copper 
pH Cond. TC Metal ion 
[IlS/m] [ppm] [ppm] 
Start 4.67 136 22.98 
End 4.52 143 22.7 
.. Operatmg CondItIOns: 
Crossflow velocity [mls] Transmembrane pressure Temperature [0C] 
1.6 25 psi 1 1.72 bar 30 
FIltrate: 
Time Flux pH Cond. TC Metal Rejection % 
[sec] I/min IlS ppm ppm TC Metal 
300 3 
600 3 
900 
1800 
3600 3.4 
5400 3.3 
7200 3.4 
9000 3.4 
10800 6.65 106 2.26 90.2 
12600 3.3 
14400 
16200 3.3 
18000 3.3 6.81 109 2.08 90.8 
Trial No.68 Feed solution: 2 gIl Lecithin, 25 mgll Copper 
pH Cond. TC Metal ion 
[IlS/m] [ppm] [ppm] 
Start 5.4 151 1094 24.44 
End 5.47 159 1047 24.93 
. .. Operatmg CondItIons: 
Crossflow velocity [mls] Transmembrane pressure Temperature [0C] 
1.9 25 psi 11.72 30 
FIltrate: 
Time Flux pH Cond. TC Metal Rejection % 
[sec] IImin IlS ppm ppm TC Metal 
300 6 
600 6 
900 6.2 
1800 6 
3600 6.25 67 48 2.58 95.6 89.4 
5400 
7200 
9000 538 
10800 5.8 6.1 106 69 5.12 93.7 79.1 
12600 6 
14400 6 
16200 
18000 5.8 6.11 109 71 5.25 93.2 78.9 
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Trial No.69 Feed solution: 2 gII Lecithin, 25 mgII Copper 
pH Cond. TC Metal ion 
[J.lS/m] [ppm] [ppm] 
Start 5.27 129 1007 21.96 
End 5.42 136 21.36 
.. Operatmg CondItIOns: 
Crossflow velocity [mls] Transmembrane pressure Temperature [0C] 
2.2 25 psi I 1.72 bar 30 
FIltrate: 
Time Flux pH Cond. TC Metal Rejection % 
[sec] IImin J.lS ppm ppm TC Metal 
300 7.8 
600 8 
900 8 
1800 7.8 
3600 6.43 92 109.5 5.1 89.1 76.8 
5400 7.6 
7200 
9000 7.4 
10800 
12600 
14400 6.8 
16200 
18000 6.8 6.18 91 64.5 4.86 93.6 77.2 
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9.5.4 2.07 bar filtration pressure 
Trial No 70 . Feed solution· 2 gII Lecithin 25 mg/l Copper . , 
pH Cond. TC Metal ion 
[IlS/m] [ppm] [ppm] 
Start 5.44 139 21.78 
End 5.71 144 1040 22.8 
Operating Conditions· . 
Crossflow velocity [mls] Transmembrane pressure Temperature [0C] I 
1 30 psi T2.07 bar 30 I 
Filtrate· . 
Time Flux pH Cond. TC Metal Rejection % 
[sec] I/min IlS ppm ppm rc Metal 
300 1.8 
600 
900 
1800 1.7 
3600 1.7 6.46 71 77 1.2 92.6 94.5 
5400 
7200 1.7 
9000 
10800 6.49 92 66 2.35 93.7 89.2 
12600 
14400 1.7 
16200 1.7 
18000 1.7 6.46 104 55 3.07 94.7 86.5 
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Trial No.7. Feed solution: 2 gII Lecithin, 25 mgII Copper 
pH Cond. TC Metal ion 
[/lS/m] (ppm] (ppm] 
Start 5.71 144 22.8 
End 5.62 153 1023 22.77 
.. Operatmg CondItIOns: 
Crossflow velocity [mls] Transmembrane pressure Temperature [0C] 
1.3 30 psi I 2.07 bar 30 
FIltrate: 
Time Flux pH Cond. TC Metal Rejection % 
[sec] IImin IlS ppm ppm TC Metal 
300 4.3 
600 4.3 
900 4.2 
1800 4.1 
3600 6.4 65 39 1.89 96.2 91.7 
5400 
7200 4.0 
9000 4.0 
10800 6.35 98 58.5 4.16 94.3 81.8 
12600 4.0 
14400 
16200 4.0 
18000 4.0 5.73 69 4.61 93.3 79.8 
Trial No.72 Feed solution: 2 gII Lecithin, 25 mgII Copper 
pH Cond. TC Metal ion 
[/lS/m] (ppm] (ppm] 
Start 5.2 132 971 20.18 
End 5.1 141 999 20.69 
.. Operatmg CondItIons: 
Crossflow velocity [mls] Transmembrane pressure Temperature [0C] 
1.6 30 psi I 2.07 bar 30 
FIltrate: 
Time Flux pH Cond. TC Metal Rejection % 
[sec] IImin IlS ppm ppm TC Metal 
300 4.2 
600 4.4 
900 4.6 
1800 5.0 
3600 6.42 95 92 0.85 90.5 95.8 
5400 5.0 
7200 5.0 
9000 
10800 4.8 6.31 90 58.5 3.23 94 84 
12600 
14400 4.6 
16200 4.6 
18000 4.6 6.21 91 60.5 2.87 93.9 86.1 
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Trial No.72a Feed solution: 2 g/l Lecithin, 2S mg/l Copper 
pH Cond. TC Metal ion 
[~S/m] [ppm] [ppm] 
Start 5.25 121 21.24 
End 5.05 126 22.04 
.. Operatmg CondItIOns: 
Crossflow velocity [mls] Transmembrane pressure Temperature [0C] 
1.6 30 psi 12.07 bar 30 
. FIltrate: 
Time Flux pH Cond. Te Metal Rejection % 
[sec] Vmin ~S ppm ppm re Metal 
300 3.2 
600 3.2 
900 3.3 
1800 3.4 
3600 6.85 145 0.68 96.8 
5400 
7200 
9000 3.4 
10800 3.3 6.84 \06 1.71 91.9 
12600 
14400 3.3 
16200 3.3 
18000 3.3 6.7 98 1.72 92.2 
Trial No.73 Feed solution: 2 g/l Lecithin, 2S mg/l Copper 
pH Cond. TC Metal ion 
[~S/m] [ppm] [ppm] 
Start 5.05 141 1013 23 
End 
. .. Operatmg CondItIOns: 
Crossflow velocity [mls] Transmembrane pressure Temperature [0C] 
1.9 30 psi 12.07 30 
FIltrate: 
Time Flux pH Cond. TC Metal Rejection % 
[sec] Vmin ~S ppm ppm rc Metal 
300 6.4 
600 6.4 
900 6.4 
1800 6.8 
3600 6.23 101 69 3.88 93.2 83.1 
5400 
7200 6.6 
9000 6.6 
10800 6.2 6.17 94 61.5 6.66 93.9 71 
12600 6.0 
14400 6.0 
16200 5.8 
18000 5.8 6.11 93 63 5.2 93.8 77.4 
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Trial No.74 Feed solution: 2 gII Lecithin, 25 mgII Copper 
pH Cond. TC Metal ion 
[J.lS/m] (ppm] (ppm] 
Start 5.29 129 844 21.36 
End 5.29 133 911 22.49 
.. Operatmg CondItIOns: 
Crossflow velocity [m1s] Transmembrane pressure Temperature [0C] 
2.2 30 psi I 2.07 bar 30 
FIltrate: 
Time Flux pH Cond. TC Metal Rejection % 
[sec] lImin J.lS ppm ppm Te Metal 
300 7 
600 7 
900 7 
1800 6.8 
3600 7 6.32 83 69 4.72 91.8 77.9 
5400 6.4 
7200 6.4 
9000 6.4 
\0800 6.4 6.25 83 62 4.61 92.6 78.4 
12600 
14400 6.0 
16200 5.8 
18000 5.6 6.26 81 59.5 4 93.5 82.2 
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9.6 Appendix 6: XPS results 
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Figure 9.13: X-ray photoelectron spectrum of a membrane after filtration of 
solution containin 25 mgll Cadmium 
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solution contain in 25 mgll Cadmium and 0.5 gII Lecithin 
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9.7 Appendix7: Legal discharge concentrations for metal ions 
Metal ion concentrations required for open water discharge, according to the 
environmental agency are 28 Ilg rl for copper and 5 Ilg rl for Cadmium. 
Based on the filtration results obtained in the experimental section, the following 
permeate concentrations can be calculated. 
Copper 
1. Filtration cycle: 
Feed solution: 50 mg/I copper and 6 g/llectihin. 
Metal ion rejection: 77% 
The permeate concentration after the first cycle: 50mg / I x 0.23 = 1 15mg / I 
2. Filtration cycle: 
Feed solution: 11.5 mgll copper and 2g1llecithin. 
Metal ion rejection: 94% 
The permeate concentration after the second cycle: 115mg / I x 0.06 = 0.69 mg / I 
3. Filtration cycle: 
Feed solution: 0.69 mg/I copper and 2g/llecithin. 
Metal ion rejection: 97% 
The permeate concentration after the third cycle: 0.69 mg / I x 0.03 = 19.21lg / I 
Cadmium 
1. Filtration cycle: 
Feed solution: 50 mg/I cadmium and 6 g/llectihin. 
Metal ion rejection: 98% 
The permeate concentration after the first cycle: 50 mg / I x 0.02 = 1 mg / I 
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2. Filtration cycle: 
Feed solution: I mg/I copper and 1 g/I lecithin. 
Metal ion rejection: 99.7% 
The permeate concentration after the second cycle: I mg It x 0.003 = 311g It 
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9.8 Appendix 8: Size distributions 
9.8.1 Effect of lecithin concentration on size distribution 
% in dass 
5+-~----r+.F---------~~~~---4 
50 100 500 1000 
Diameter (nm) 
2 g/llecithin 
6 g/l lecithin 
8 g/l lecithin 
10 g/llecithin 
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Average Size 299 nm 
Average Size 317 nm 
Average Size 326 nm 
Average Size 271 nm 
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9.8.2 Effect of cadmium ions on size distribution 
The lecithin concentration in all samples was 0.5 g/1. 
% in class 
10 
5 ~--~-----+~~--~----~~--~--~ 
100 500 1000 
Diameter (nm) 
o mg/I cadmium Average Size 443 nm 
10 mg/I cadmium Average Size 740 nm 
25 mg/I cadmium Average Size 533 nm 
50 mg/I cadmium Average Size 565 nm 
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9.8.3 Effect of copper ions on size distribution 
The lecithin concentration in all samples was 0.5 g/1. 
% in class 
10 ~--+---------~~~~~----~ 
100 500 1000 
Diameter (nm) 
o mg/I copper Average Size 443 nm 
10 mg/I copper Average Size 740 nm 
25 mg/I copper Average Size 533 nm 
50 mg/I copper Average Size 565 nm 
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This section contains the following publications. 
Kotzian R., Wakeman R. J., 1998, Cu2+ and Cd2+ removal from aqueous solutions 
using surfactant enhanced ultrafiltration, International Symposium on Filtration and 
Separation JI, Las Palmas de Gran Canaria, Spain, 135-144. 
Kotzian R., Wakeman R. J., 1997, Copper ion removal from aqueous solutions using 
lecithin enhanced ultrafiltration, Trans.l. ChemE. jubilee research event, Nottingham, 
UK,2, 1025-1028. 
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Cu2+ AND Cd2+ REMOVAL FROM AQUEOUS 
SOLUTIONS USING SURFACTANT ENHANCED 
ULTRAFILTRATION 
R KOTZIAN AND RJ WAKEMAN 
Dept. of Chemical Engineering, Loughborough University; Loughborough, UK 
Increasingly stringent legislation is calling for new technologies to remove metal ions 
from industrial effluents. Conventional methods like alkali precipitation and gravity 
settling frequently cannot achieve the standards required for open water or sewer 
discharge. Alternative membrane processes like reverse osmosis require high 
pressures and deliver low fluxes and are therefore very energy intensive. 
This paper will show that copper and cadmium ions are bound to lecithin micelles, 
which are removed from solution using crossflow ultrafiltration. Feed solution 
properties such as micelle size, zeta potential and micelle shape have been 
investigated at various surfactant to metal ion ratios. The results have been used to 
explain permeate flux profiles and rejection levels obtained during filtration. Electron 
Deflection Analysis based on X-ray (EDAX) and Scanning Electron Microscopy are 
used to investigate interactions on the membrane surface. 
Surfactant to metal ion ratios and overall concentration levels have been shown to 
have a significant effect on flux profile, steady state flux and metal ion rejection 
levels. Metal ion rejection increases with increasing surfactant to metal ion ratio, but 
the maximum metal ion rejection levels decrease with increasing metal ion 
concentration. Lecithin rejection is not affected by these factors. 
INTRODUCTION 
Increase in concern about the impact of industrial activity upon the environment has 
led to more stringent legislation relating to water discharge and the cost for water and 
effluent disposal are rising. The cost of water, effluent treatment and off-site disposal 
have become significant factors affecting the commercial viability of many processes. 
One aspect of waste water treatment is the rcmoval of mctal ions from effluent 
streams. Metal containing wastewaters come from a variety of sources, such as the 
metal plating, circuit board manufacture, photographic and photo processing 
industries, synfuel plants, refineries and metal mine-tailing leachates. Conventional 
methods like alkali precipitation and gravity settling frequently cannot achieve the 
standards required for open water or sewer discharge. Membrane processes like 
reverse osmosis are in use, but require high pressures and are energy intensive. 
This paper is concerned with an alternative method for metal ion removal - surfactant 
enhanced ultrafiltration. Surfactant monomers aggregate above a certain 
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concentration, specific to the surfactant, to form micelles. Anionic surfactant micelles 
will attract and bind metal cations. Free metal ions and surfactant monomers pass 
freely through an ultrafiltration membrane, but if the micelle-metal ion complex is 
sufficiently large it is rejected. 
Process Fluid 
tit 
Surfactant Additive 
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Figure 1: Schematic of surfactant enhanced ultrafiltration. 
Research reported in this paper has been carried out on well defined aqueous solutions 
containing only one type of metal ion together with the natural surfactant lecithin. 
Lecithin is a food grade by-product of the soybean processing industry and it was 
chosen because it is non-toxic, biodegradable, abundant and inexpensive. It has a high 
molecular weight of about 750 daltons and forms large size micelles. The main aim is 
to identifY the basic mechanisms which influence the permeate flux and rejection 
levels of the process. 
Rejection is a measure of how well the membrane retains a specific component in the 
feed stream and is defined by: 
where Cp is the permeate concentration and CF is the feed concentration. 100% 
rejection means all of the component is rejected and 0% rejection means the 
component can pass freely through the membrane. 
EXPERIMENTAL PROCEDURES AND MATERIALS 
A Koch HFP 707 flat sheet, anionic, membrane with a lOO 000 MWCO, made from a 
polyvinyl fluoride-polyether sulphonate co-polymer, was. used in the ultrafiltration 
experiments. Practical grade soya bean lecithin was obtained as yellow granules from 
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Phase Separations Ltd (Deeside, UK). The manufacturer describes it as a crude natural 
product with IO -20 % purity. 
Copper (11) chloride and cadmium (11) chloride, both of 97 % purity in powder fonn, 
were obtained from Aldrich (Gillingham, UK). A 109/I of copper stock solution was 
prepared, and appropriate amounts added to the feed solutions in each filtration 
experiment to give a solution of known concentration. Double distilled water was 
used to prepare all solutions. 
A computer controlled crossflow rig was used to perfonn the UF runs. A schematic 
diagram of the experimental set-up is shown in Figure 2. 
heat exchanger 
circuit 
peilleate 
pressure control 
filtration cell 
flaw control 
\ 1-11 Con1>uter Contrd 
.... - System 
Slgra/s from pressLre 
transdL.CelS (PT) a1d 
flCl'MTlE!ter (FM) are used to 
adjust the posmon of tv.o 
oontroI valves a:1CI t"erce 
maintainthe desjredoperati~ 
oonditions. 
Figure 2: Schematic of the experimental set-up for crossflow filtration runs. 
In this flow circuit the pre-defined operating conditions are maintained by two 
electrically operated proportional control valves. A computer control system uses 
signals from flowmeters and pressure transducers, which monitor the conditions at 
various points in the flow loop, to adjust the stem position of the control valves 
appropriately. The operating temperature was maintained at 30 ± 1°C using a 
secondary cooling flow circuit through a plate heat exchanger. The flow of cooling 
liquid in this circuit was regulated by a simple on/off control. 
20 litres of double distilled water and the desired amount of lecithin and metal ions 
were added to the feed tank and circulated for 5 min or until the operating temperature 
of 30°C was reached. The flow was then directed through the filter cell which 
contains a 60 mm x 40 mm membrane above which is a 3 mm flow channel. The 
process solution flows tangentially to the membrane surface. The membrane was 
rinsed with double distilled water before each experiment to remove the protective 
glycerol layer, and a new membrane was used for each experiment. 
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Process parameters such as crossflow velocity, transmembrane pressure, lecithin and 
copper concentrations were changed independently and the effect on flux decay, 
steady state flux, copper rejection and lecithin rejection was observed. The range over 
which the effects of these process parameters were investigated is given in Table I. 
Table 1: Range of process parameters investigated 
Process Parameter. Range 
Crossflow Velocity 1-3.5 m1s 
Transmembrane Pressure 20,25,30,35 psi 
lA, 1.7,2.0, 2A bar 
Metal Ion Concentration 10,25,50 mg/l 
Lecithin Concentration 0.01-20 g/l 
Temperature 30 °C 
Permeate samples were taken after I, 2, 3, and 5 hours, depending on the duration of 
the filtration experiment. Permeate flux was monitored throughout the experiment 
which was usually terminated when a steady state flux was reached. The minimum 
filtration time was 2 hours, so that at least 2 permeate samples were obtained for each 
experiment. 
The following properties were monitored for the feed solution at the beginning and the 
end of each experiment and for all permeate samples: lecithin concentration, copper 
concentration, pH, conductivity. 
The lecithin concentration was determined by relating it to the total carbon content, 
measured using an lonics 1505 Carbon analyser. An accurate estimation could also be 
obtained using conductivity measurements with a WPA CMD80 conductivity meter. 
Copper concentration in the permeate and feed were measured using a Perkin-Elmer 
3030 atomic adsorption spectrophotometer. The pH was also checked at various times 
during a filtration experiment using a Griffin model 80 pH meter to investigate any 
pH changes. 
Several feed solution properties and the effect of metal ion concentration on these 
properties have been investigated. The critical micelle concentration was determined 
by measuring the change in surface tension with change in lecithin concentration. 
Micelle size and zeta potential were measured using a Malvern Zeta Sizer. Electron 
Dispersion Analysis by X-ray (EDAX) and Scanning Electron Microscopy (SEM) 
were employed to investigate any membrane feed solution interactions. 
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RESULTS AND DISCUSSION 
Feed solution properties 
The critical micelle concentration (CMC) of lecithin was dependent on the amount 
and type of metal ions present in solutionl; the main Results are shown in Table 2. 
Table 2: Effect of metal ion concentration on CMC 
Metal ion concentration [ppm 1 0 10 25 50 100 
CMC with Cu [gill 10 8 5 3 
CMC with Cd [gill 8 7 6.5 4 
Zeta potential measurements of lecithin in its natural pH range of 6.5-7.5 for the given 
concentration range showed a highly negative charge (-74 m V). This indicates that 
lecithin, an amphoteric surfactant, is dominantly anionic in this pH range. Lecithin 
molecules and aggregates therefore have a strong attraction to metal ions. Figure 3 
shows the effect of metal ion concentration on the zeta potential of lecithin. 
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Figure 3: Effect of metal ion concentration on zeta potential of micelles 
The binding of metal ions reduces the zeta potential of the micelles approaching the 
iso-electric point asymptotically. The levelling-off in the metal ion concentration -
zeta potential curve is caused by an increasing competition of the free metal ions for 
the remaining binding sites on the micelles. The binding of metal ions reduces the 
head group repulsion of surfactant monomers which facilitates micellation. This 
explains the reduction of the critical micelle concentration with increasing metal ion 
concentration. 
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The approximate shape and size of the micelles can be seen on a micrograph (obtained 
after freeze fracture) of a lecithin solution droplet. 
Figure 4: Freeze fractue electron microscopy scan of a lecithin solution droplet 
The size of the micelles is also effected by metal ion concentration. Small amounts of 
metal ions cause a sharp increase in mean micelle size. As the metal ion concentration 
is increased the mean micelle size decreases and tends to assymptote to about 0.5 !lm. 
The initial increase is probably caused by the same reason that decreases the critical 
micelle concentration. Metal ions bind to surfactant monomers and reduce the head 
group repulsion which facilitates micellation and allows larger micelles to form. The 
subsequent size reduction is possibly caused by a break up of the micelles or a shape 
change like curling or folding of the micelle chains. A reason for this shape change 
could be a pH reduction at increased metal ion concentration, but as yet it has not been 
possible to substantiate this hypothesis in this work. 
Filtration trials 
Figures 5 and 6 show the effect of lecithin concentration on steady state flux at 
various metal ion concentrations. Steady state flux decreases with increasing lecithin 
concentration when no metal ions are added. A plot of lecithin concentration versus 
steady state flux shows the typical exponential decay curve. A pseudo gel 
concentration of 80 gr i was determined by fitting a straight line through the linear 
part of a steady state flux versus log lecithin concentration curve (D. Filtration 
experiments with solutions containing only metal ions show that there is no 
significant effect on the steady state flux. However small concentrations of lecithin in 
the presence of metal ions cause a significant flux decrease. The higher the metal ion 
concentration the larger the flux decrease. As the lecithin concentration is raised the 
steady state flux increases. At high lecithin concentration, or better at high surfactant 
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to metal ion ratios, the metal ion effect is reduced and the curves of lecithin 
concentration versus steady state flux with or without a metal ion are almost identical. 
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Figure 5: Effect oflecithin on steady state flux at various copper concentrations 
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Figure 6: Effect of lecithin concentration on steady state flux at various cadmium 
concentrations. 
There are two effects which can be used to explain this behaviour. 
141 
I. Free metal ions are attracted by the negative charge of the membrane. They 
deposit on the membrane surface and in the membrane pore structure causing a 
reduction in the net charge of the membrane. This reduces the repulsion between 
the surfactant molecules or micelles and the membrane and facilitates the 
deposition of the surfactant on the membrane and in the membrane pores. This 
explains the dramatic flux decrease at low surfactant concentrations. As the 
surfactant concentration is increased more metal ions are bound to surfactant 
micelles and are kept in the bulk of the liquid away from the membrane, which 
explains the flux increase with increasing surfactant concentration. The first effect 
can be supported by examination of fouled membranes using Electron Dispersive 
Analysis by X-ray (EDAX). This reveals a high metal ion deposition on the used 
membranes at low surfactant concentration. As the surfactant concentration is 
increased the metal ion peak revealed by EDAX is reduced, indicating a reduced 
metal ion deposition. At high surfactant concentration no metal ions could be 
detected on the membrane. 
2. The second effect is the charge reduction of the micelles when metal ions are 
added, which was demonstrated by zeta potential measurements (Figure 3). 
Charge reduction also reduces the repulsion between surfactant monomers and 
micelles allowing the formation of a much more compact fouling (gel) layer. As 
the lecithin concentration is increased the surfactant to metal ion ratio increases, 
which increases the magnitude of the negative micelle charge. Hence repulsion 
between the lecithin micelles and monomers increases which leads to the 
formation of more open fouling (gel) layers. This causes a flux increase with 
increasing lecithin concentration when metal ions are present. Metal ions do not 
have a significant effect on micelle surface charge at high surfactant to metal ion 
ratio (Fig. 3), therefore metal ions do not have a significant effect on the steady 
state flux-lecithin concentration relationship at high surfactant to metal ion ratios. 
The shape of the lecithin concentration-steady state flux relationship is probably 
determined by a combination of these two effects. 
Lecithin rejection levels reach a maximum of about 95% at a concentration of 0.5 grl, 
which is well below the critical micelle concentration of 10 grl. The reason for this is 
that there is a velocity profile in the filtration cell where the velocity goes towards 
zero at the membrane surface. This causes an accumulation of surfactant molecules in 
the vicinity of the membrane, exceeding the surfactant concentration in the bulk of the 
liquid. The CMC is therefore reached near to the membrane surface, even though the 
concentrations in the bulk may be below the CMC CD. 
Metal ion rejection increases asymptotically towards a maximum value with 
increasing lecithin concentration (Figs. 7 and 8). A certain number of surfactant 
molecules are required to bind a certain number of metal ions, and therefore 
maximum rejection should be achieved at similar surfactant/metal ion ratios (l). 
Figure 8 shows that a higher surfactant to metal ion ratio was required to achieve the 
same level of rejection as the cadmium concentration was increased. 
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Figure 7: Effect of surfactant to metal ion ratio on cadmium rejection. 
In experiments with copper ions at higher molar concentrations the effect is more 
pronounced. In this case the maximum rejection level is reduced with increasing metal 
ion concentration. Rejection levels dropped from 95 % to 80 % when the copper 
concentration was increased from 0.16 to 0.8 mmol. 
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Figure 8: Effect of surfactant to metal ion ratio on copper rejection. 
An increased metal ion concentration causes a pH decrease. The ph of a 2 gr' lecithin 
solution is reduced from 7 to 4.6 when 50 mgr' of Cu2+ is added. Changes in pH can 
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cause a change in the micelle shape. The required increase in surfactant/metal ion ratio 
to achieve the same rejection levels and the drop in maximum rejection level is 
therefore probably caused by a shape change of the micelles which reduces the 
number of binding sites for metal ions. 
CONCLUSION 
Surfactant enhanced ultrafiltration has been shown to work well for well defined 
process streams with metal ion concentrations of up to 50 ppm. Effluent streams 
containing 50 ppm Copper and 50 ppm Cadmium can be treated in three and two 
filtration cycles respectively to achieve water standards required for open water 
discharge. These concentrations are 28 Ilgr' for Cu and 5 Ilgr' for Cd according to 
standards set by the Environment Agency (4). Flux levels of over 100 Ih-'m-2 have 
been achieved using a crossflow velocity of 1.64 ms-', a filtration pressure of 1.7 bar 
and a filtration temperature of 30°C. 
At high metal ion concentrations of 2 mmol (225 ppm Cd and 127 ppm Cu) flux 
levels dropped to 45 Ih-'m-2 for copper and to 15 Ih-'m-2 for cadmium requiring 
lecithin concentrations of 8 gr'. The drop in maximum rejection level with increasing 
metal ion concentration and the significant drop in flux levels raises questions about 
the suitability for treatment of effluents containing high metal ion concentrations. 
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COPPER ION REMOVAL FROM AQUEOUS SOLUTIONS USING 
. LECITHIN ENHANCED ULTRAFIL TRA TION 
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Tighter constraints and regulations are calling for new technologies to remove metal 
ions from industrial waste water streams. In this project lecithin·· enhanced erossflow 
ultrafiltration was used to remove copper ions from aqueous solution. Copper rejection 
levels as high as 95 % have been achieved with this method. The comparatively high 
flux and the low operating pressures required make this process an interesting alternative 
to existing membrane separation processes like reverse osmosis. 
Key words: crossflow ultrafiltration,lecithin, metal ions, micelles, rejection, permeate 
flux 
IChemE 
Metal containing wastewaters come from a variety of industries, such as the metal plating industries. circuit board 
manufactures, photographic and photo processing industries, synfuel plants, refineries and mine/tailing leachate. 
Discharge standards for metal ions are in the concentration range from I to 2 mg/l for sewer discharge and from 0.1 to 
0.5 mg/l for open water discharge. Simple traditional treatment methods like alkali precipitation and gravity settling 
can only achieve water quality of about 10 mg/l heavy metal and produces a solid sludge that causes disposal 
problems. The difficulty of treating wastewaters containing a mix of metal ions by conventional methods arises partly 
because of the difference in the solubilities of the different metal hydroxides or sulphides with pH, meaning that no 
single pH is optimum for the removal of all metals. 
Surfactant enhanced ultrafiltration combines the high flux of ultrafiltration with the high selectivity of 
surfactants. Other membrane processes like reverse osmosis have been used successfully for the removal of metal 
ions. However ultrafiltration provides a higher permeate flux and requires significantly lower operating pressures than 
reverse osmosis. The naturally occurring surfactant lecithin has been chosen for this study because it is non-toxic, 
biodegradable and abundant, inexpensive, has a large molecular weight and forms large size micelles.The present 
research was concerned with the removal of divalent copper ions from aqueous streams using lecithin enhanced 
ultrafiltration. 
EXPERIMENTAL 
The membrane used in the ultrafiltration experiments was a Koch HFP 707 flat sheet membrane with a 100 000 
MWCO. This anionic membrane is made from a polyvinyl fluoride polyether sulphonate co-polymer.Practical grade 
soya bean lecithin was obtained in the form of yellow granules from Phase Separations Ltd. Deeside, UK. The 
manufacturer describes it as a crude natural propuct with 10 -20 % purity. Copper (11) chloride, 97 % purity in powder 
form, was obtained from Aldrich (Gillingham, UK). A 10 g/I of copper stock solution was prepared and appropriate 
amounts were added in each experiment. Double distilled water was used to prepare all solutions. A computer 
controlled crossflow rig was used to perform the UF runs. A schematic diagram of the experimental set-up is shown in 
Figure I. 
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Figure J: Schematic of the experimental set-up for cross flow filtration runs_ 
IChemE 
In this flow circuit the pre-defined operating conditions are maintained by two electrically 
operated proportional control valves_ A computer control system uses signals from flowmeters and 
pressure transducers, which monitor the conditions at various points in the flow loop. to adjust the stem 
position of the control valves appropriately_ The operating temperature was maintained at 30 ± 1°C by 
using a secondary cooling flow circuit through a plate heat exchanger. The flow of cooling liquid in this 
circuit was regulated by a simple onloff control. 
20 litres of double distilled water and the desired amount of lecithin and copper chloride were 
added to the feed tank and circulated for 5 min or until the operating temperature of 30°C was reached. 
The flow was then directed through the filter cell which contains a 60 mm x 40 mm membrane above 
which is a 3 mm flow channel. The process solution flows tangentially to the membrane surface. The 
membrane was rinsed with double distilled water before the experiment to remove the protective 
glycerol layer and a new membrane was used for each experiment. 
Process parameters such as crossflow velocity, transmembrane pressure, lecithin concentration 
and copper concentration were changed independently and the effect on flux decay, steady state flux, 
copper rejection and lecithin rejection was observed.The range over which the effect of these process 
parameters was investigated is given in Table l. 
Table I:Range of process parameters investigated 
'~~:_', , ·,LJf.I:!iu.r;-~ " 
Crossflow Velocity 1-3.5 m1s 
Transmembrane Pressure 20, 25,30, 35 psi 
Copper Concentration 
Lecithin Concentration 
Temperature 
lA, 1.7, 2.0, 2A bar 
10,25,50 mg/I 
0.01-20 gll 
·30 °C 
Permeate samples were taken after 1,2,3, and 5 hours, depending on the duration of the filtration 
experiment. Permeate flux was monitored through out the experiment and the experiment was usually 
terminated when a steady state flux was reached. The minimum filtration time was 2 hours, so that at 
least 2 permeate samples were obtained for each experiment. The following properties were monitored 
for the feed solution at the beginning and the end of each experiment and for all permeate samples: 
• Lecithin concentration 
• Copper concentration 
• pH 
• Conductivity 
The lecithin concentration was determined by relating it to the total carbon content. The total carbon 
content of the samples was measured using an lonics 1505 Carbon analyser.An accurate estimation 
could also be obtained by using conductivity measurements with a WPA CMD80 conductivity meter. 
Copper concentration in the permeate and feed were measured using a Perkin-Elmer 3030 atomic 
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adsorption spectrophotometer. The pH was also routinely checked at various times during a filtration 
experiment to investigate any possible pH changes. A Griffin model 80 pH meter was used for this 
purpose.A Malvern Zetasizer was used to measure zeta potential and particle size distribution of the 
feed solution. 
RESULTS AND DISCUSSSION 
In the absence of copper the steady state flux decreases with increasing lecithin concentration. A 
minimum flux value of 75 IIhIm' is approached asymptotically with increasing concentration. A fit 
through the linear fraction of log (lecithin concentration) versus steady state flux plot reveals a pseudo 
gel concentration of 60 gII. 
The addition of Cu2+ ions caused a dramatic flux decrease at low surfactant concentration. It was 
demonstrated also that the permeate flux dropped with increasing copper concentration (Figure 2). The 
steady state flux for a 0.5 gII lecithin solution dropped from 350 IIhIm' to 50 l/hIm' when 50 ppm 
copper was added. As the lecithin concentration was increased a steady state flux increase could be 
observed. At high lecithin concentration of about 8 gII and above. the presence of 50 ppm copper seems 
to have no significant effect on permeate flux (Figure 2). 
500r-------------------------------. 
N 
~ 400 • 
"  300 u: 
~ 
iii 
-i; 
'" 
" iii 
200 
100 
• 
b. 
b. 
........ 
.. 
I'," "'; I 
IT=30"C 
-... -
• 
~ _. 
. miD 
., i""""'" ~1oci'Y OandSOppm .. 2.3SIllI5 
2S and IOppm = 1.63 mIs 
·1 III . .. 
O+-------<-----+--~-_+_--_____" 
o 5 10 15 20 
Lecithin Concentration 
• NoCu2+ la 50 ppm Cu2+ ... 25ppm Cu2. .0. 10 ppm Cu2+ 
Figure 2: Effect o/lecithin concentration on steady state permeate flux. 
Free Cu'+ ions are attracted by the opposite charge of the membrane and hence deposit on the 
membrane surface and inside the pores which causes a significant permeate flux reduction. As the 
lecithin concentration is increased more Cu2+ ions are bound by the anionic lecithin molecules, this 
reduces the tendency of the Cu'+ to deposit on the membrane and hence the flux levels increase. 
At high lecithin concentrations most copper ions remain in solution and fouling by the surfactant 
becomes dominant. Therefore the copper does not show any significant effect on the permeate flux. 
This explanation is supported by results obtained from an Energy Dispersive Analysis by X-ray 
(EDAX). Membranes used in filtration experiments with the same copper concentration (25 ppm) but 
different lecithin concentrations(0.5. 2. 6 gII) were analysed by this method. At 0.5 gII a clear copper 
peak was observed. at 2 gII this peak is clearly reduced but still present. and at 6 gII no copper peak 
could be seen. 
Copper rejection increases asymptotically with increasing lecithin concentration (Figure 3). The 
maximum rejection level increases with decreasing copper concentration. At a feed concentration of 50 
ppm Cu'+ a maximum rejection of 80 % was achieved at a lecithin concentration of 6 gII: At a feed 
concentration of 10 ppm Cu'+ a maximum rejection of 95 % was achieved with a lecithin concentration 
of2 gn. 
As the lecithin·copper ratio is increased the fraction of copper ions bound to lecithin aggregates 
also increases. The fraction of free Cu2+ ions is reduced and rejection levels increase until a maximum 
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value is reached. However the increase in maximum, rejection with decreasing Cu2+ concentration 
indicates that small amounts of Cu'· are passing through the membrane even though they are bound to 
lecithin micelles. Zeta potential measurements of lecithin solution in its natural pH range of 6.5 to 7.5 
for the given concentration range showed a highly negative charge of -74 mY. This indicates that 
lecithin, an amphoteric surfactant, is dominantly anionic in this pH range. Lecithin molecules and 
aggregates therefore have a strong attraction to Cu'· ions: Table 2 shows the effect of copper 
concentration on the zeta potential oflecithin solution. 
The addition of Cu2• causes a significant increase of the zeta potential. This decrease in charge 
means that there is less repulsion between the anionic membrane and the lecithin aggregates when 
copper is bound to them. The copper lecithin complex deposits easier on the membrane and a larger 
fraction of the Cu'· ions can subsequently pass through the membrane. This explains the increase in 
maximum rejection with decreasing copper concentration. 
The addition of copper ions did not show any significant effect on lecithin rejection. However it is 
interesting to observe that a maximum rejection level of 95 % is achieved at a concentration of 0.5 gIl 
lecithin, which is well below the critical micelle concentration of lecithin (10 gill. 
The anionic membrane used in these filtration experiments seems to be an effective barrier, even 
for surfactant monomers. Due to the highly negative leta potential of the lecithin solution it is thought 
that charge effects keep the surfactant molecules away from the membrane surface and contribute to the 
high rejection results. 
CONCLUSION 
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Figure 3: Effect of lecithin concentration on Copper rejection. 
Standards for individual metal ions set by the National River Authority in the UK require a copper 
concentration of 28 Ilgll for open water discharge. This suggested that an effluent containing IQ ppm 
Cu'· could be successfully treated with a 2 stage lecithin enhanced crossflow ultrafiltration process. 
However this does not take into account the presence of other metal ions or organic impurities which 
would be present in an industrial eftluen!. Increasingly complex feed streams will be considered In 
future work. 
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